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A distinctive field in the coatings industry is the coating of porous media, with 
broad applications in paper, apparel, textile, electronics, bioengineering, filtration and 
energy sector. A primary industrial scale process that can be used to coat porous media in 
a fast and flexible manner is slot die extrusion. A major concern when coating porous 
media with a wetting fluid is fluid penetration into the substrate. Although some level of 
penetration is desirable to obtain specific material properties, inadequate or excessive 
fluid penetration can negatively affect the strength, functionality or performance of the 
resulting material. In spite of its apparent industrial importance, limited modeling and 
experimental work has been conducted to study fluid penetration into porous media 
during fabrication. The effects of processing parameters on the penetration depth, the 
effects of penetration on material quality, and the method to predict and control the 
penetration depth are not well understood. This dissertation is composed of two parts.  
Part I is an applied study for coating onto porous media. This part focuses on the 
first objective of this dissertation which is to elucidate clearly the feasibility, advantages 
and disadvantages of the direct coating method as a potential fabrication route for 
membrane electrode assembly (MEA). MEA samples are fabricated using both traditional 
and the direct coating methods. Then, the quality and performance of the MEA samples 
are examined. Experimental results in Part I demonstrate that it is feasible to fabricate 
MEAs using the direct coating method. However, Nafion® solution penetrates into the 
catalyst layer during the coating process and causes lower performance of fuel cells, 
which is the motivation for Part II of this thesis.  
xix 
 
The objective of Part II is to fundamentally understand the fluid penetration 
process and predict the penetration depth when directly coating porous media, using a 
comprehensive approach. A series of computational and analytical models are developed 
to predict the penetration depth for both Newtonian and non-Newtonian fluids with or 
without capillary pressure. Finally the accuracy of developed models are validated 
through experiments. The relative error between the predicted and experimentally 
measured penetration depth is generally lower than 20%. 
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CHAPTER 1. INTRODUCTION 
 
1.1 Application of coating porous media 
Coating porous media is a distinctive field in the coating industry which has broad 
applications including paper, textiles, electronics, filtration and energy sectors. In the 
paper industry, coatings have been found to improve the surface appearance by providing 
smooth, glossy and colored surfaces [1-3]; and also to improve printability by aiding the 
transfer and setting of the printed ink [4-6]. In addition, coated layers have been shown to 
provide protective or functional properties for papers, such as resistance to grease, 
moisture, ultraviolent radiation, pollutant gasses, mold and bacteria [7]. The market for 
specialty chemicals used for paper production is about $16 billon, majority of which is 
attributed to chemicals used as coatings [8].  
In the textile and clothing industry, coating has been widely used to reinforce the 
fabrics [9, 10] or provide other special functions and properties. For example, phase-change 
materials or silicon carbide coatings have been shown to provide thermal insulation for 
sporting clothes to maintain a suitable temperature for the human body [11]. Polyurethane 
(PU) coatings have been used to add a breathable waterproof property to clothes [12]. A 
back coating such as acrylic resin loaded with ammonium polyphosphate has been shown 
to have fire retardance property for textiles [13]. Coating conductive polymer such as 
poly(3,4-ethylenedioxythiophene) (PEDOT) has been used to produce electro-active 
fabrics [14]. The coated fabric industry is about $3 billion in the US alone [15].  
1.2 Objectives 
The overall motivation of this thesis is to determine and investigate key technical  
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issues related with coating porous media by experimental, modeling and analytical work. 
1.2.1 Manufacturing of polymer electrolyte membrane fuel cells  
In addition to applications in the paper, textile and clothing industries, coating 
porous media also has broad potential applications in other fields such as electronics [16], 
bioengineering, filtration [17, 18] and in the energy sector to fabricate functional multilayer 
structures. One typical example is polymer electrolyte membrane (PEM) fuel cells. 
Polymer electrolyte membrane (PEM) fuel cells are a prominent energy source for 
portable and transportation applications that require clean, quiet, and efficient power. [19] 
Significant advances in research and development have been made over the last several 
decades;[19] however, slow fabrication speeds and high fabrication costs[20] still remain 
significant barriers to the extensive commercialization of PEM fuel cells.  
The basic physical design of a single PEM fuel cell consists of two bipolar plates 
sandwiching one membrane electrode assembly (MEA). A number of cells are connected 
in series to form a fuel-cell stack. The MEA is constructed from two gas diffusion layers 
(GDLs), two catalyst layers (typically containing platinum, carbon, and ionomer) and one 
electrolyte membrane. As the place for oxidation and reduction half reactions, the MEA 
plays a key role in a fuel cell; its characteristics and quality directly determine the overall 
performance of an individual cell or a stack. In addition, an extremely large quantity of 
MEAs will be required to realize widespread use of PEM fuel cells. For example, 
hundreds of millions MEAs per year would be needed to supply the laptop computer 
market.[21] Considering other potential big markets, such as the transportation and 
electronics sectors, the demand for mass production of MEAs will be a critical issue to 
the commercialization of PEM fuel cells.  
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MEAs are traditionally manufactured by two methods, the membrane-based 
method or the GDL-based method.[22] Both manufacturing methods are difficult to 
employ for mass production of MEAs due to various problems or limitations, so the 
manufacturing has been largely conducted by hand[23]. Furthermore, in traditional 
methods, the membrane has to be produced separately prior to the assembly, using 
processes such as extrusion or casting.[24, 25] This separate fabrication process makes the 
whole production line of MEAs more complex.   
In order to overcome the limitations of traditional methods, another category of 
MEA fabrication techniques which are characterized by direct coating of the membrane 
solution onto the catalyzed GDL has become of interest.[26-31] The direct coating method 
eliminates the separate membrane fabrication process before assembly, thus it has the 
potential to facilitate integrating the whole production line of MEA. Furthermore, 
compared to the GDL-based method, these methods are expected to enhance the contact 
between the catalyst layer and membrane. However, this category of method is only 
conceptual in some patents [26-31], and little information about the manufacturing process 
is available, thus detailed studies are required for implementation. For example, 
characteristics and performance of the MEA fabricated by the direct coating method must 
be researched to determine the effectiveness of the new method. In addition, the 
penetration of the membrane solution into catalyst layer and its effect on the performance 
of the fuel cell have to be examined and analyzed. 
To this end, the first objective of current study is to elucidate the feasibility, 
advantages and disadvantages of the direct coating method as a potential 
fabrication route for MEA in PEM fuel cells. In current study, a new MEA fabrication 
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process based on directly coating membrane solution onto porous catalyzed GDL is first 
presented.  Then, the quality and performance of the MEA samples are examined. Three 
important quality issues have been studied, membrane uniformity, membrane penetration 
and annealing condition. All factors if not properly controlled can impact the 
performance of the fuel cell.  
1.2.2 Fluid penetration during coating on porous media 
The fluid penetration into porous substrates is not only significant because it 
affects the performance of fuel cells but also as an important common technical issue in 
the whole coating industry.  Hence, a deeper study specifically on the penetration issue of 
coating porous media is warranted. 
In general, when coating a porous medium, some level of the penetration is 
usually desirable to obtain specific material properties, but inadequate or excessive 
penetration is limiting. For textile coating, penetration directly affects the bond strength 
between coated layer and the substrate [15]. If the penetration depth is too low the desired 
adhesion of coating to the substrate will not be obtained. For paper printing and coating, 
penetration of ink directly affects the appearance of the printed paper [32, 33]. Low 
penetration can cause ink peel-off [34]; while severe penetration can degrade the surface 
smoothness [1]. In addition, penetration depth also affects the functionality and 
performance of the resulting material [35]. Penetration also changes the coating parameters 
needed for a desired film thickness and the operational limits of the coating process, thus 
affecting the cost of production. Both too high or too low can lead to unwarranted 
expense [36]. Therefore, predicting and controlling penetration depth during direct coating 
on porous media is not only significant in assuring the desired appearance, properties, and 
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performance of the resulting material, but also important in controlling the cost of 
production. However, in spite of this apparent importance, limited studies exist to 
fundamentally understand the penetration process and to predict the penetration depth 
based on industrial scale coating processes. To date, the analytical relationship between 
processing parameters and final penetration depth is not well understood. Further, the 
effect of penetration on the operational limits of coating process has not been studied.  
To this end, the second objective of current research is to fundamentally 
understand the fluid penetration process and predict the penetration depth during 
direct coating on porous media using a holistic methodology (computational and 
analytical modeling and experimental validation). It is hypothesized that by 
understanding the correlation between the porous media, the coa ting fluid, and the 
coating process, the penetration depth of the fluid into the porous medium can be 
predicted. Both Newtonian and non-Newtonian fluids will be studied.  
1.3 Selection of the coating process 
Several industry scale processes have been used for coating porous media such as 
roll coating [37], blade coating [38, 39], dip coating [40] and slot die coating [36, 41, 42]. All of 
them are well-known high-speed coating techniques suited for mass production. However, 
if the thickness of the coated layer needs to be controlled precisely, slot die coating is 
usually preferred because it is a pre-metered process [43]. Another major benefit of slot die 
coating is that multiple layers can be coated simultaneously [44, 45]. Recently the 
effectiveness of slot die coating has been demonstrated in the manufacture of polymer 
solar cells [46-48], which is a typical multilayer structure. In the current study only slot 
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die coating is investigated, but the framework and conclusions may be extended to 
similar coating processes, such as roll coating and blade coating.  
1.4 Research questions and tasks 
Based on above discussion, this study has two parts. The first part is an applied 
study of coating on porous media to investigate the feasibility, effectiveness and 
efficiency of the new MEA manufacturing technique based on direct coating porous 
catalyzed GDL. The second part is modeling fluid penetration depth while coating porous 
substrates. In order to fulfill two general research objectives, following research questions 
will be explored: 
Manufacture of multilayer materials by direct coating 
 Can multilayer functional materials composed of porous media and thin films be 
made by using advanced roll- to-roll manufacturing processes? 
 What impact does direct coating of thin films onto porous media have on the 
performance of devices, such as PEM fuel cells that utilize multilayer functional 
materials? 
Modeling of penetration depth: 
 What are the analytical relationships between penetration depth and processing 
parameters for Newtonian and non-Newtonian fluids directly slot coated onto 
porous media? Critical parameters that may impact the penetration include 
coating conditions (flow rate, coating speed and geometry of slot die setting), 
characteristics of porous media (permeability and porosity) and properties of 
coated fluids (viscosity, capillary force, etc.).  
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 Does there exist an upper and lower coating boundary that provides an 
understanding of coating defects that will originate in the material during 
fabrication? 
To answer above research questions, following experimental, modeling and 
analytical work will be conducted: 
Manufacture of MEA based on direct coating: 
 Developing a new MEA fabrication procedure based on directly coating 
membrane solution onto catalyzed GDL. 
 Experimentally studying the uniformity and penetration of membrane coated onto 
catalyzed GDL. 
 Experimentally studying the effects of annealing time and humidity on the 
performance of solution cast polymer electrolyte membrane.  
 Experimentally studying the characteristics and performance of MEA samples 
made by the new fabrication procedure. 
Modeling of penetration depth: 
 Building computational fluid dynamics (CFD) models to simulate the slot die 
coating on porous media. 
 Developing analytical models to predict the final penetration depth without/with 
considering the capillary effect and initially validating the analytical results by 
comparing them with the results from the CFD models. 
 Investigating the effects of different processing parameters on penetration depth 
using the developed models. 
 Experimentally validating the developed models. 
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 Developing models of operational limits for slot die coating on solid and porous 
substrates based on analytical analysis and numerical simulation. 
1.5 Thesis Layout 
This thesis is composed of two parts. Part I, which includes Chapter 2-4, is an 
applied study on coating porous media. The aim is to understand the feasibility, 
effectiveness and efficiency of a new MEA manufacturing technique based on direct 
coating membrane solution onto porous catalyzed GDL. In Part II, which includes 
Chapter 5-9, modeling the penetration depth of a fluid while coating porous media is the 
focus.  
In Chapter 2, a new MEA fabrication procedure based on directly coating 
membrane solution onto catalyzed GDL is presented. The uniformity and penetration of 
membrane into catalyzed GDL is experimentally studied.  
In Chapter 3, the effects of annealing time and humidity on the performance of 
solution cast polymer electrolyte membrane are experimentally studied.  
In Chapter 4, the characteristics and performance of MEA samples made by the 
new fabrication procedure are experimentally studied. 
In Chapter 5, some backgrounds and literature review of coating onto porous 
media are provided. 
In Chapter 6, computational fluid dynamics (CFD) models to simulate the slot die 
coating onto porous media are built, and a case study is conducted to illustrate the 
characteristics of penetration process. 
In Chapter 7, a series of analytical models to predict the final penetration depth 
without/with considering the capillary effect are developed.  
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In Chapter 8, a series of models of operational limits for slot die coating on solid 
and porous substrates are developed based on analytical analysis and numerical 
simulation. Some of the models are experimentally validated.  
In Chapter 9, developed models of penetration depth are validated numerically 
and experimentally. Then, the effects of different processing parameters on penetration 
depth are studied using the models.  
In Chapter 10,  the contributions of current study are presented. A discussion on 




PART I: APPLIED STUDY FOR SLOT DIE COATING ONTO 
POROUS MEDIA 
 
Part I is an applied study for coating onto porous media, which is based on 
published work by Ding et al. [49-52]. This part focuses on the first objective of this 
dissertation which is to elucidate clearly the feasibility, advantages and disadvantages of 
the direct coating method as a potential fabrication route for MEA. Specifically, a new 
MEA fabrication process based on directly coating membrane solution onto porous 
catalyzed GDL is first presented. Then, the quality and performance of the MEA samples 
are examined. Three important quality issues are studied, membrane uniformity, 
membrane penetration and annealing condition. All factors if not properly controlled can 
impact the performance of the fuel cell. Fulfillment of this research objective will have a 
direct impact on the PEM fuel cells manufacturing industry, providing valuable data and 




CHAPTER 2. FEASIBILITY OF MEA FABRICATION USING 
DIRECT COATING CATALYZED GDLS 
 
2.1 Introduction 
As discussed in Chapter 1, PEM fuel cells are a prominent energy source for 
portable and transportation applications that require clean, quiet, and efficient power. Key 
components of a PEM fuel cell are depicted in Figure 2.1. The basic physical design 
consists of two electrodes (a negative anode and a positive cathode), which are separated 
by the membrane material. The construction of two gas diffusion layers, membrane, and 
two catalyst layers (typically platinum) is typically referred to as a MEA. Then, the 
MEAs are placed between two electrically conductive bipolar plates to create a single 








Figure 2.1 Schematic structure of a single typical PEM fuel cell.  
 
 
As the place for oxidation and reduction half reactions, the MEA plays a key role 
in a fuel cell; its characteristics and quality directly determine the overall performance of 
an individual cell or a stack. In addition, the demand for mass production of MEAs will 


















Figure 2.2 Schematic of traditional MEA fabrication methods. (a) GDL-based method 
and (b) membrane-based method 
 
MEAs are traditionally manufactured by two methods, GDL-based method and 
the membrane-based method.[22] As shown in Figure 2.2(a), in the GDL-based method, a 
catalyst layer is applied onto one side of the GDL forming a catalyst-coated GDL 
(CCG).[53] Then, the electrolyte membrane is sandwiched between two CCGs under high 
temperature and pressure to form the MEA. Because the bond is generated by hot 
pressing a solid catalyst layer to the membrane, one problem this method can encounter is 
the relatively low contact area between the membrane and catalyst layer. Tang et al. 
showed that MEAs made from hot pressing have higher contact resistance and charge-
transfer resistance as compared with those made from catalyzed membrane.[54] Good cell 
performance requires good contact, or more specifically that the high frequency 
resistance is low and the electrochemical active area (ECA) is high. Attempts have been 
made to overcome this problem. For example, Han et al. patented an approach whereby a 
metal layer is randomly deposited on membrane that has specific surface roughness to 
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strengthen the adherence between the membrane and catalyst layer.[55] However, 
processes employing such treatment will be more complex and difficult to control; and, 
the high pressure required may crush the fibers in the electrode, thus reducing gas 
permeability. 
In the membrane-based method, the catalyst layers are initially applied onto both 
sides of the membrane to get the catalyst coated membrane (CCM). Then the CCM is 
deposited between two GDLs with or without hot-pressing. The schematic of membrane-
based method is shown in Figure 2.2(b). Up to now, two techniques have been employed 
to apply catalyst material onto the membrane. One is characterized by direct deposition, 
the other one is characterized by indirect deposition. In the direct deposition method, a 
catalyst ink/slurry is directly applied onto the membrane.[56-59] Usually a spray coating 
technique is used, since good contact between the catalyst layer and membrane can be 
obtained, resulting in lower ionic resistance and better performance. However, the 
processing time is extensive, because repeated spraying operations are required to obtain 
the necessary catalyst loading and thickness. Furthermore, considerable valuable catalyst 
material can be lost while spraying.  Faster coating techniques, such as slot die coating, 
roll coating and blade coating, etc., can be employed to increase the production rate. 
However, these techniques will have manufacturing limitations too. One challenge is that 
the membrane will swell and deform when it is in direct contact with a large amount of 
ink/slurry containing solvents. This swelling causes handling difficulties and a non-
uniform catalyst layer distribution.[60] Hence, without extensive research the direct 
deposition method is difficult to employ for mass production operation.  
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The indirect deposition method is usually referred to as the decal method. Here, 
the catalyst ink/slurry is coated onto another substrate (backing film) first. After drying, 
the catalyst layer is transferred to the membrane by hot pressing.[61] An advantage of this 
technique is that membrane swelling and deformation problems are minimized.  However, 
the manufacturing cost will be increased due to the use of release film and the 
introduction of the hot pressing operation. Compared with the GDL-based technique the 
decal method results in lower area of contact between the catalyst layer and membrane.  
In order to overcome the limitations of traditional methods, another category of 
MEA fabrication techniques which are characterized by direct coating of the membrane 
onto the catalyst layer has become of interest.[26-31]  When two MEA halves (i.e., coated 
anode side and coated cathode side) are hot pressed to form an MEA the internal 
resistance has been found to increase.[26, 27] Grot combined the decal transfer method with 
direct coating and hot pressing, which resulted in increased production cost and 
manufacturing complexity.[28, 29] Uchida et al. [30] and O’Brien et al., [31] directly coated 
on catalyst decals without hot pressing. They coated a second catalyst layer onto the top-
side of the membrane and then later attached the GDLs to form the MEA. The direct 
coating method eliminates the separate membrane fabrication process before assembly, 
thus it has the potential to facilitate integrating the whole production line of MEA. 
Furthermore, compared to the GDL-based method, these methods are expected to 
enhance the contact between catalyst layer and membrane. However, this category of 
method is only conceptual in some patents [26-31], and little information about the 
manufacturing process is available, thus detailed studies are required for implementation. 
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For example, characteristics and performance of the MEA fabricated by the direct coating 
method must be researched to determine the effectiveness of the new method.  
There are advantages and disadvantages of each MEA fabrication approach. 
Therefore, rather than promote one approach over another, the objective of this study is to 
elucidate clearly the feasibility, advantages and disadvantages of the direct coating 
method as another potential fabrication route. In this Chapter, a new MEA fabrication 
process based on directly coating membrane solution onto catalyzed GDL is first 
presented. Then, the feasibility of this method is studied by examining the membrane 
uniformity and membrane penetration into the catalyzed GDL. Both factors if not 
properly controlled can negatively impact the performance of the MEA. The uniformity 
of the coated membrane will directly affect the bond quantity between the membrane and 
the “top” GDL and consequently the final performance of the MEA.  The penetration of 
membrane will change the weight ratio between ionomer and platinum; subsequently 
altering the balance of the ionic conductivity and electronic conductivity as well as gas 
access. 
2.2 Materials 
Nafion® D2021 with 20-22 wt% polymer content was purchased from Ion Power 
and used as the membrane solution. Material properties that have significant effects on 
coating process were measured. Surface tension was measured as 0.024 N/m by using the 
pendent drop method. The static contact angle on Toray 060 carbon paper was 12° 
measured with the sessile drop technique.  A TA Instrument ARES rheometer was used 
to measure the viscosity, where it was found that the solution is shear-thinning with flow 
consistency index m = 4.335 Pa sn and flow behavior index n = 0.52. Toray 060 carbon 
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paper was chosen as the GDL purchased from Fuel Cell Earth. The GDL was pretreated 
with a micro-porous layer (MPL) and catalyst layer with a Pt loading 0.5 mg/cm2 by the 
supplier. 
2.3 Slot die coating 
A continuous Roll- feed Imaging System (RFIS), as depicted in Figure 2.3, was 
used to facilitate the MEA coating process. As shown, the RFIS is a roll-to-roll system 
capable of conducting full-scale automated extrusion in a controlled environment 
consisting of a sealed chamber, temperature, speed, and environmental controls. The 
solution of membrane material, which is stored in container, is forced through the slot die 
by the high pressure from the nitrogen tank. The flow rate is controlled by adjusting the 
pressure from the tank. Finally the solution is coated onto the moving PET substrate that 












An important component of the RFIS is the slot die, because the final quality of 
the membrane is influenced by its geometry. Generally, slot die coating allows for a pre-
metered amount of fluid to be dispensed in a controlled manner (e.g. deposited thickness) 
at relatively high speeds for low viscosity materials such as the Nafion® dispersion. In 
addition, slot die coating has been shown to be flexible, repeatable, and to produce highly 
uniform defect-free film.[44, 62, 63]  
A schematic depicting a localized view of the slot die coating process and the 
most influential parameters is shown in Figure 2.4. The membrane solution is delivered at 
a constant flow rate, Q, from a fixed gap, W, on the slot die. The slot die produces a 
uniform and stable coating bead onto the moving catalyzed GDL with a coating speed, V. 






















Figure 2.4 Schematic illustrating the slot die coating of membrane solution onto a 




Although the coating speed for the slot die coating can be fast and the overall 
quality of the film uniform and defect free, there are limitations. There is a relationship 
between flow rate and coating speed for which high quality coatings void of defects can 
be obtained, known as the coating window[44, 62, 63]. In order to have good coating, the 
flow rate and coating speed must be confined within the upper and lower coating window 
boundaries, where for a given flow rate there exist a minimum and maximum coating 
speed. Common coating defects of extrusion slot coating are air entrainment, dripping, 
ribbing, breaking lines, pinholes, and holes[64], which are influenced by viscosity, surface 
tension, geometrical variables of the slot die such as slot gap and coating gap and surface 
roughness. The coating window for slot die coating onto solid and porous substrates will 
be discussed in detail in Chapter 8.  
2.4 MEA fabrication procedure 
The MEA fabrication process is depicted in Figure 2.5. The general steps include: 
1) directly coating the membrane solution onto the catalyzed GDL by forcing the material 
through the slot, forming a membrane layer on the catalyzed GDL. 2) Drying and 
annealing the first membrane layer. 3) Assembling the MEA. This can be done in various 
ways. One option is directly coating another catalyst layer on top of the first cured 
membrane layer. Then another GDL is applied onto the catalyst layer with or without hot 
pressing. Another option is hot-pressing another catalyzed GDL onto the membrane. 4) 
Sealing the MEA. This also can be done in various ways. One of them is impregnating 
sealant material into the edge zone of the MEA[65, 66]. The number of fabrication steps 
compared to the conventional MEA manufacturing process is expected to be reduced, 
























Figure 2.5 Schematically detailed procedure of the new MEA fabrication technique. [50] 
 
All coating tests were conducted at room temperature, 25ºC. Slot gap, stand-off 
height and slot width were fixed as 0.254 mm, 0.406 mm and 50.80 mm, respectively. 
The flow rate of the Nafion® dispersion was 2.3 ml/min. As mentioned above, there will 
be a range of proper coating speeds that allow for defect- free coated membrane. In order 
to determine this range, coating tests were conducted on glass plates. It was found that the 
coating process did not cause macroscopic defects at coating speeds between 0.5 to 0.6 
cm/s. 
Preliminary coating tests were conducted on the purchased catalyzed GDL with 
MPL in order to evaluate the quality of the coated membrane. Each sample was cut to 1 x 
1 cm2 and directly coated under a 5 cm slot opening to form the coated membrane on 
catalyst layer. A coating speed of 0.6 cm/s was used. After coating, samples were 
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immediately extracted from the substrate and left in the room environment for at least 10 
hours to dry. Two important quality issues were investigated, membrane uniformity and 
membrane penetration into the catalyzed GDL. To study the uniformity of the membrane, 
surface and cross-section morphology of the coated membranes were observed by 
Microscope (Nikon: Eclipse E600) and scanning electron microscopy (SEM: Hitachi S-
3700N VP-SEM). Energy-dispersive X-ray spectroscopy (EDX) tests were conducted to 
qualify and quantify the penetration of Nafion® into the catalyst layer by analyzing the 
percentage of fluorine present in catalyst layer.  
2.5 Uniformity of coated membrane 
An SEM image of the cross section of a purchased catalyzed GDL is shown in 
Figure 2.6(a). The MPL, catalyst, and carbon paper can be clearly seen.  As depicted, 
there are large cracks and the surface is not uniform. These cracks may be related to the 
processing technique used to make the sample, which is not disclosed by the provider. A 
microscopic top view of the Nafion® coated GDL is shown in Figure 2.6(b), where more 
visible cracking across the surface can be seen. To verify the presence of the Nafion®, 
SEM images were taken as shown in Figure 2.6(c) – (d). It is evident from these images 
that the Nafion® dispersion was coated on the surface of the catalyzed GDL. However, 
the coated membranes on the catalyzed GDLs were non-uniform because of the surface 
roughness and quality of the uncoated samples, such as cracks on the catalyst layer.  As 
indicated in Figure 2.6(d), the Nafion® dispersion will fill any cracks during the coating 
process. 
In order to increase the uniformity of the coated membranes, a pressing operation 
was introduced, which significantly decreased the surface roughness of the catalyst layer. 
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The purchased catalyzed GDLs were pressed between two glass plates under 2 kPa of 
pressure at room temperature for 180 seconds. Then, using the same coating process 
mentioned previously, the samples were coated.  The morphology of the resulting 
samples is shown in Figure 2.7(a) – (d). A cross sectional view of an uncoated pressed 
sample is shown in Figure 2.7(a) and a top view of a coated pressed sample is shown in 
Figure 2.7(b). Figure 2.7(c) – (d) are cross sectional SEM images of the coated catalyzed 
GDL. From these pictures, it can be seen that the thickness of the coated catalyzed GDL 










Figure 2.6  (a) SEM image of an uncoated catalyzed GDL, (b) microscopic image of the 
surface of the coated GDL, and cross sectional SEM images of the coated GDL at (c) 












Figure 2.7 (a) SEM image of an uncoated catalyzed GDL that has been pressed, (b) 
microscopic image of the surface of the coated GDL, and cross sectional SEM images of 
the coated GDL at (c) x320 magnification and (d) x650 magnification. [50] 
 
 
The above experimental results show that the uniformity of coated membrane 
depends on the surface quality of the catalyzed GDL. Hence, the fabrication of the 
catalyst layer must be controlled to obtain a flat and crack-free surface; otherwise, an 
alternative processing step will be required such as a pressing operation, to improve the 
membrane uniformity.   
2.6 Penetration of coated membrane 
EDX tests were conducted on the plain catalyzed GDLs without coating and the 
coated catalyzed GDLs to compare the percentage of fluorine in the catalyst layer. More 
than 10 measured points along the mid-plane of the catalyst layer of each GDL sample 
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were selected. Figure 2.8 depicts an example of the measured points and the EDX result 
in the uncoated catalyst layer. It was found that the average fluorine percentage in 
uncoated catalyst layer was approximately 8.9 w%, whereas the percentage in the coated 
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Figure 2.8 (a) A measured point in the center of the catalyst layer, (b) EDX result in 
uncoated catalyst layer. [50] 
 
Penetration of Nafion® into the catalyst layer is a significant problem, based on 
the EDX results. In order to decrease the penetration of the ionomer, rapid evaporat ion of 
the alcohol based solvents from the dispersion is essential. A set of experiments was 
conducted to study the feasibility of decreasing the penetration of Nafion® through the 
GDL with the use of forced convective air flow. Other techniques that can be used 
include increasing the substrate temperature and concentrating the Nafion® dispersion. 
Immediately after coating the catalyzed GDL films under the same conditions, air was 
blown over the samples for 10 minutes. Then, the samples were left in the room 












Figure 2.9 (a) Microscopic image of the air blown surface of a coated unpressed GDL 
and cross sectional SEM images at (b) x210 magnification and (c) x450 magnification. [50] 
 
Comparing the microscopic images shown in Figure 2.6(b) and Figure 2.9(a), it is 
seen that the membranes where air was blown over the sample had a smoother surface, 
and it appears that the quality of Nafion® is better. It should be noted that the surface 
quality of the coated film also depends upon the surface quality of the catalyzed GDL as 
mentioned above. Furthermore, comparing the SEM images of Figure 2.6(d) and Figure 
2.9(c), it is shown that the membrane thickness of the sample without the use of forced 
convection air flow was about 5 μm, whereas the sample that was blown with air was 10 
μm thick indicating a reduced penetration.  
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For further validation, EDX measurements were also taken on the air blown 
samples.  As shown in Figure 2.10, the percentage of fluorine in the catalyst layer for the 
air blown samples is 15.7 w%, which is lower than 20.2 w% in samples without blowing, 
which means the penetration has decreased. 
 
 
Figure 2.10 Fluorine percentage on some measured points in catalyst layer. [50] 
 
Although some penetration still exists, these preliminary results demonstrate the 
feasibility to effectively decreasing the penetration of Nafion® by accelerating the solvent 
evaporation. More experiments could be done on the effects of increasing substrate 
temperature and concentrating the Nafion® dispersion. In addition, the existence of the 
MPL may affect the penetration, which will be discussed more in Chapter 4. 
2.7 Conclusions 
A new fabrication technique to make an MEA using extrusion slot coating to 
directly coat membrane solution onto catalyzed GDL was presented. This method does 
not require a separate fabrication process for membrane fabrication before assembly, thus 
















































Preliminary coating tests show that the Nafion® dispersion can be directly coated onto the 
catalyzed GDL forming a membrane on top of the catalyst layer. However, the coated 
membranes were non-uniform because of the surface roughness and cracks of the catalyst 
layer. Consequently, the Nafion® would penetrate into the catalyst layer during the 
coating. In order to decrease the impact of such defects on the quality of the coated 
membrane, pressing operation and rapid evaporation technique were introduced as pre-
processing and post-processing operations, respectively. Results show that pressing the 
catalyzed GDLs can modify the uniformity of the coated membrane significantly, but 
more work still has to be done to optimize the pressing parameters. Using the evaporation 
technique the penetration of Nafion® into the catalyst was decreased by 40%, 
demonstrating the feasibility to address the penetration problem by accelerating the 










In Chapter 2, a new MEA fabrication process based on directly coating membrane 
solution onto catalyzed GDL was presented, and the feasibility of this method has been 
studied by examining the membrane uniformity and membrane penetration into the 
catalyzed GDL. After the direct coating process, the coated Nafion membrane must be 
annealed to get enhanced mechanical properties and performance. This is the second step 
of the MEA fabrication procedure proposed in Chapter 2. The annealing time can directly 
affect the speed and cost of mass producing PEM fuel cells. In order to decrease the 
annealing time, it is necessary to understand the effects of annealing condition on the 
performance of fuel cells, as discussed in Chapter 3, which is based on published work by 
Ding et al. [52] 
A traditional approach to fabricate Nafion® membrane is casting from polymer 
solution [67-69]. However, the solvent plays a vital role in the quality of the membrane. 
Solution cast Nafion® membranes from aliphatic alcohol/water mixtures at room 
temperature have poor mechanical properties and dissolves in a variety of polar solvents, 
especially in water [70, 71]. To enhance the properties of the cast membranes, two solvent-
based evaporation approaches have been developed.  
In the first approach, high boiling point solvents (e.g., dimethylformamide) are 
used to make the Nafion® solution. The solution is heated to a temperature above the 
glass-transition temperature, Tg, of Nafion
® during drying resulting in a high-quality 
membrane [68-71]. The improvement in mechanical properties by thermal treatment is 
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believed to be related to an inverted micelle structure caused by high temperature, which 
also increases the crystallinity of the polymer [72, 73]. A second, simpler method of 
fabricating the membrane is to directly evaporate the solvents (e.g., aliphatic 
alcohol/water mixtures) from solution at room temperature or slightly higher, and then 
anneal the membrane at a temperature above its Tg. However, no standard approach has 
been reported for the annealing process. The annealing temperature discussed in the 
literature varies from 120 °C to 165 °C, and the annealing time varies from 30 min to 12 
hours [72-75]. In these studies, the temperature and time in the annealing process are 
controlled; however, the effects of humidity during annealing on the membrane 
performance or properties were not taken into account. Werner et al. [76] mentioned 
annealing cast Nafion® membranes at 100 % relative humidity, but very limited 
information was provided.  
Many authors have investigated the physical, chemical, and mechanical properties 
of annealed cast membranes [69-71, 73-75], but few have studied the impact that annealing 
has on performance of the cast membranes in fuel cells. Vengatesan et al. [72] compared 
the fuel-cell performance of solution cast membranes made from different annealing 
conditions with commercial membrane. However, the annealing time was in excess of 3 
hours, and the performance results were limited to high cell potentials (above 0.6 volts), 
which neglected the performance at high current densities where mass-transfer effects are 
important.  
In this Chapter, the effects of annealing time and humidity on the performance of 
solution cast Nafion® membranes are investigated experimentally. An annealing 
temperature of 120°C was chosen to make 50 µm thick cast membranes which were 
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annealed from 10 to 60 min in a dry or humid oven, to obtain the finished membranes. 
Then a catalyst layer was applied to both sides of annealed membranes to make MEAs. 
X-ray diffraction (XRD) patterns, cell performance, membrane resistance, H2 crossover 
current, and ultimate tensile strength were measured to analyze and compare the 
performance and characteristics of different membranes, including a commercial Nafion® 
membrane.  
3.2 Experimental procedure  
3.2.1 Preparation of solution cast membranes 
Nafion® D2021 with 20-22 wt% polymer content was used to make the solution 
cast membranes. The solvent was a mixture of water, 1-propanol, ethanol, an unspecified 
mix of ethers and other volatile organic compounds. 5.5 g of solution was allowed to dry 
on the bottom surface of an in-house made cubic glass container, which is 4 x 4 x 1 in, for 
16 hrs. The glass container was kept horizontally to ensure that the membranes had 
uniform thickness. It was found that the membranes would crack during the drying 
process if the ambient temperature was too low or if the air flow above the solution was 
too turbulent. In order to avoid cracking, the glass container was put on a 30°C hot plate 
and covered with a permeable tissue paper, which can isolate outside air flow while 
allowing the solvents to evaporate. Then the cast membranes were annealed in an oven at 
120°C to enhance their mechanical properties. Two conditions (dry and wet) were created 
in the oven to study the effects of moisture during annealing. In the dry condition, 
desiccants made of anhydrous calcium sulfate were kept in the oven to absorb any excess 
moisture. The relative humidity was believed to be close to zero. In the wet situation, a 
beaker containing 1000 ml of water was kept in the oven to generate a wet environment. 
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The temperature of water was measured to be around 90°C during the tests. The relative 
humidity in the wet oven could be approximated by the ratio of saturated vapor pressure 
at 90°C and 120°C, which results in 35% RH. 
The cast membranes were annealed for 10, 30 and 60 min under wet or dry 
conditions and were classified based on the annealing time and condition, e.g., Wet-10, 
Dry-10, etc., as listed in Table 3-1. The annealed membranes either disengaged from the 
glass container or were easily removed with tweezers after immersion in de-ionized water 
for about 10 to 20 min. In order to measure the dry thickness, all samples were dried at 
60°C for 3 hours and the dry thicknesses were measured immediately, using a Mitutoyo 
digital thickness gauge. The dry thicknesses of all samples were 50±5 µm.  
Table 3-1 Annealing conditions of initial casting membranes (120°C). [52] 
Membrane  Annealing humidity Annealing time (min) 
Wet-10 Humid 10 
Wet-30 Humid 30 
Wet-60 Humid 60 
Dry-10 Dry 10 
Dry-30 Dry 30 
Dry-60 Dry 60 
 
 
In previous studies, it was found that cast Nafion® membranes often have a light 
yellow color after annealing [68, 73]. In this study, it was observed that membranes, 
annealed under the humid conditions discussed were transparent, similar to those 
purchased commercially; whereas, those annealed in dry conditions were light or dark 
yellow color. The intensity of the color seems to be dependent upon the annealing and 
drying time. The membrane appeared darker when longer annealing times or shorter 
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drying times were tested. Furthermore, the yellowish color may be attributed to residual 
solvents or impurities in the membrane. However, it should be noted that the membrane 
color, which gradually faded during preconditioning of the fuel cell, did not have an 
effect on the performance.  As an added precaution, the color can be eliminated  by 
boiling the membranes in 3% hydrogen peroxide solution.  
3.2.2 Preparation of MEAs 
MEAs were made by spraying catalyst ink onto the cast and commercial 
membrane with a manual airbrush, purchased from Paasche. A platinum loading of 0.31 
mg/cm2 with a standard deviation of 0.063 mg/cm2 was sprayed on the anode and cathode 
sides. The desired catalyst loading was controlled by continuously weighing each sample 
during the coating process. Catalyst ink was prepared with 46.7 wt% Pt/C, Nafion® 
D2021, isopropyl alcohol and de-ionized water. The weight ratio among Pt/C powder, 
Nafion® D2021, isopropyl alcohol and de-ionized water is 1 : 2.19 : 7.66 : 4.19. The 
Nafion® content in the final catalyst layer is 30 wt%. The catalyst ink was blended with 
an ultrasonic mixer for 30 min before spraying a 5 x 5 cm catalyst area on an 8 x 8 cm 
membrane. Toray 060 carbon paper was chosen as GDL. The catalyzed membranes were 
placed between two 5 x 5 cm GDLs without hot pressing, then assembled with gaskets 
and bipolar plates in a test cell.  
3.2.3 Preconditioning and tests of new MEAs 
To obtain the performance characteristics, I-V characteristics, AC impedance 
spectroscopy, linear sweep voltammetry, cyclic voltammetry were measured. Before 
these tests, all new MEA samples were preconditioned based on DuPont’s MEA 
Preconditioning and Qualification Protocol [77]. Specifically, stoichiometry ratios were set 
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to 2.0 and back pressures were set to 170 kPa for both anode side (hydrogen) and cathode 
side (air), temperatures were fixed at 85°C for the anode inlet, cathode inlet and cell, 
which are denoted as 85/85/85°C (anode/cathode/cell). The cell was run at 0.2 V for 10 
min, then it was switched to 1 V for 30 s. This cycle was repeated 80 times for the whole 
preconditioning process. 
The membrane samples were characterized using XRD.  The membrane samples 
were coated onto silicon wafers and cured under various conditions, as described above. 
XRD patterns were measured using X’Pert PRO diffractometer, (PANalytical) at 
scanning speeds of 0.02°/sec and an accelerating voltage of 45 kV.   
Performance of the cell was evaluated by measuring I-V characteristics and power 
density using a Scribner 850E fuel-cell test station. The dry-gas flow rates were fixed at 
0.3 and 2 L/min for anode side (hydrogen) and cathode side (air), respectively. The fuel 
cell hardware, which is a single cell unit, was bought from Scribner Associates Inc. The 
flow field of the bipolar plate is triple serpentine, with dimensions of 5 x 5 cm. The 
temperatures were set to 75/75/80°C (anode/cathode/cell). No back pressure was used.  
Membrane resistance was determined with AC impedance spectroscopy using an 
Autolab potentiostat and NOVA software. The spectra were recorded between 50 mHz 
and 10 kHz with a current amplitude of 0.025 A. When conducting the resistance tests, 
flow rates were fixed at 1 and 2 L/min for anode (hydrogen) and cathode (air), 
respectively. Before starting the test, hydrogen and air flowed through the cell for about 




H2 crossover current was obtained by linear sweep voltammetry, and the 
electrochemical active area (ECA) was measured by cyclic voltammetry. For these two 
tests, flow rates were fixed at 0.2 L/min for both anode (hydrogen) and cathode (nitrogen), 
temperatures were set to 35/35/35°C (anode/cathode/cell), and the scan rates were set to 2 
and 20 mV s-1, for the respective tests. 
3.3 Experimental results and discussion 
A summary of the results from the tests and measurements conducted on the 
samples is provided in Table 3-2.  Detailed analysis can be found in the subsequent 
sections. 
3.3.1 Crystallinity versus annealing condition 
The microstructure of Nafion® is known to be semicrystalline [78].  A diffraction 
angle of 18 with a sharp peak is characteristic for Nafion® membrane [79].  XRD patterns 
for the samples annealed under dry and wet conditions, as well as an un-annealed sample, 
are shown in Figure 3.1. Membranes annealed under dry conditions followed 
characteristics expected of Nafion®, although the sharp peak at the diffraction angle was 
slightly shifted, 17.68 (Dry-10), 17.77 (Dry-30), and 17.78 (Dry-60). As annealing 
time increases under dry conditions, the XRD pattern of the membrane aligns more with 
the expected crystalline behavior of Nafion®. From the data in Figure 3.1, the 
crystallinity of samples annealed under dry conditions is calculated to be 12% (Dry-10), 
16.5% (Dry-30) and 17% (Dry-60). It can be seen that the crystallinity does not change 
much after 30 min. Furthermore, it is evident that the patterns for the un-annealed 
Nafion® membrane is wider and shifts to a lower diffraction angle of 17.36, illustrating  
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Table 3-2 Summarization of the XRD test, performance test, AC impedance spectroscopy test, cyclic voltammetry test, sweep 
voltammetry tests and tensile strength test.* [52] 
 




























current at 0.4 
V (mA/cm2) 
(Mpa) 
NR-212 - 0.999±0.028 0.598±0.002 0.447±0.019 0.076 54.0 0.50 24.9±1.0 
Wet-60 17.35 0.987±0.001 0.602±0.011 0.465±0.001 0.078 56.0 0.69 - 
Wet-30 17.11 0.984±0.003 0.601±0.002 0.457±0.017 0.078 49.7 0.54 - 
Wet-10 17.54 1.003±0.010 0.572±0.017 0.363±0.057 0.087 50.1 0.50 - 
Dry-60 17.78 1.01 0.617 0.471 0.078 51.7 0.73 23.6±1.3 
Dry-30 17.77 1.015±0.007 0.609±0.011 0.452±0.028 0.076 55.9 0.52 23.2±1.9 
Dry-10 17.68 1.02 0.616 0.441 0.075 49.7 0.56 16.9±0.8 
Dry-5 - - - - - - - 13.0±0.3 
Non-
annealed 
17.36 - - - - - - - 
 
* : Multiple samples have been made and tested for the performance and tensile strength for each annealing condition. 
Specifically, for I-V characteristics, values of NR 212 are averaged from 4 samples; values of Wet-60, Wet-30, Wet-10 and 
Dry-30 are averaged from 2 samples; values of Dry-60 and Dry-10 only obtained from 1 sample. For tensile strength, values of 
NR 212, Dry-60, Dry-30 and Dry-10 are averaged from 3 samples; value of Dry-5 is averaged from 2 samples. For XRD, 
impedance spectroscopy, cyclic and sweep voltammetry, only one sample for each annealing condition is reported. 
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that if the membrane is not annealed, the degree of crystallinity is significantly reduced. 
Similar patterns were observed for membranes annealed under wet conditions, the 
patterns are wider and shifted to lower diffraction angles, 17.54 (Wet-10), 17.11 (Wet-
30) and 17.35 (Wet-60). The crystallinity of the un-annealed sample and samples 
annealed under wet conditions is calculated to be zero.  
 
 
Figure 3.1 XRD patterns of the membrane samples under various annealing conditions.  
 
3.3.2 Performance versus annealing condition 
The effects of annealing solution cast Nafion® membranes in humid and dry 
conditions on the performance of polymer electrolyte membrane fuel cells are depicted in 









Wet 60 min 
Wet 30 min 
Wet 10 min 
Dry 10 min 
Dry 30 min 
Dry 60 min 
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Figure 3.2, for typical samples. It can be seen that all solution cast membranes perform 
similarly to the commercial membrane. However, in the humid annealing condition, the 
membrane annealed for 10 min (Wet-10) performs slightly worse at voltages below 0.6 V. 
When the annealing time is longer than 30 min, no obvious performance changes were 
found; hence, Wet-30 and Wet-60 perform similarly to commercial membrane over the 
entire voltage range. In the dry annealing condition, all membranes (Dry-10, Dry-30 and 
Dry-60) perform almost the same as commercial membrane. The slight performance 
difference between NR-212, Wet-30, Wet-60, Dry-10, Dry-30 and Dry-60 might be 
caused by the fluctuation of catalyst loading and membrane thickness, or other 
measurement errors. These results demonstrate that based on initial performance, a 
significantly lower annealing time (10 min under dry conditions) may be used, with 
negligible differences in performance to state-of-the-art membranes. This reduction in 
annealing time would be especially advantageous during mass production of membrane 
materials. 
 








































3.3.3 Membrane resistance versus annealing condition 
In order to analyze the effects of annealing condition on the membrane resistance, 
which directly determine the cell performance, AC impedance spectroscopy tests were 
used. Nyquist plots for the single cells fabricated with the solution cast membranes and 
Nafion® NR-212 at 80/80/80°C (anode/cathode/cell) are shown in Figure 3.3. It can be 
seen that the result for each MEA is approximately equal. This data suggest that the 
effective charge-transfer resistance within the catalyst layer and the mass-transport 
limitations within the gas diffusion media are approximately the same. Thus, the slightly 
lower performance of Wet-10 observed in Figure 3.2 is not due to either of these factors.  
 
Figure 3.3 Effects of annealing condition on Nyquist plots of the single cells. [52] 
 
Ohmic resistance (Rhf) of the cell was obtained. Rhf includes membrane resistance 
(Rm), electronic resistance of all other current-carrying components, such as GDL, bipolar 
plates and leads (Rbulk) and contact resistances (Rcontact). Rbulk and Rcontact were considered 





























Rbulk+Rcontact+Rm. Rhf for all cells made from solution cast membranes and commercial 
NR-212 at 80/80/80°C were measured.  The results are shown in Table 3-2. When using 
NR-212 membrane, it was observed that Rhf (0.076 Ohm-cm
2) was higher than Rm (0.028 
Ohm-cm2), where Rm was calculated from the ionic conductivity value of 0.95 S/cm 
reported by Kidena et al. [80] Furthermore, it is shown that all cast membranes will have 
approximately the same Rhf as NR-212 after annealing for 10 min in dry conditions, and 
that further increasing the annealing time does not significantly change Rhf.  However, it 
seems that the membrane annealed for 10 min in humid conditions has 16% higher Rhf 
(0.087 Ohm-cm2) than NR-212.  This may be attributed to the inadequate crystallization 
of the membrane at the lower annealing time for wet conditions, which negatively 
impacts the ionic conductivity. Resistance test results coincide with previous performance 
test results well.  
3.3.4 Cyclic voltammetry versus annealing condition 
ECA was evaluated by cyclic voltammetry to ensure the same catalyst properties 
of all samples, thus confirming the previous performance and membrane resistance tests 
results. A typical cyclic voltammogram of the sample NR-212 is shown in Figure 3.4. 
The difference between the ECA measurements is relatively low, having values of 54.0, 
56.0, 49.7, 50.1, 51.7, 55.9, and 49.7 m2/g, for NR-212, Wet-60, Wet-30, Wet-10, Dry-60, 
Dry-30 and Dry-10, respectively. Hence, all samples have similar catalyst surface area in 
contact with the ionomer, which verifies that the lower performance of Wet-10 membrane 





Figure 3.4 Cyclic voltammogram of MEA made from commercial membrane NR-212. [52] 
 
3.3.5 H2 crossover Current versus Annealing Condition 
It was found that the H2 crossover current of all the solution cast membranes and 
the commercial membrane were low, between 0.5 to 0.8 mA/cm2, as shown in Figure 3.5 
and Table 3-2. It was also found that membranes annealed for 10 and 30 min have similar 
H2 crossover current as the commercial membrane. However, slightly higher H2 crossover 
currents were observed for the membranes annealed for 60 min, which were around 0.7 to 
0.8 mA/cm2. 
 







































































3.3.6 Tensile strength 
From the above performance test results, an annealing time of 10 min in dry 
conditions was found to be sufficient from a performance standpoint. However, the 
mechanical strength of the samples in dry conditions is also of interest. Tensile tests were 
conducted on samples Dry-10, Dry-30, Dry-60 and NR-212. An additional sample, Dry-5, 
annealed for only 5 min was also tested for comparison. It was found that the tensile 
strength of different samples were 13.0 MPa (Dry-5), 16.9 MPa (Dry-10), 23.2 MPa 
(Dry-30), 23.6 MPa (Dry-60) and 24.9 MPa (NR-212). Thus, it is concluded that the 
tensile strength increases with annealing time from 5 to 30 min. Yet after 30 min, there is 
no significant change in tensile strength. Further, it was found that for samples annealed 
longer than 30 min the tensile strength is approximately the same as that of NR-212 
measured in-house and reported previously [67]. Although, the tensile strength of Dry-10 
is about 32% lower than NR-212, this lower strength alone does not preclude the use of a 
10 min annealing time.   
3.4 Conclusions 
Effects of annealing condition on the performance of solution cast Nafion® 
membranes were studied experimentally. It has been found that solution cast membranes 
annealed under both dry and humid conditions, for 10 - 60 min, will have similar 
performance as commercial membranes in fuel cells. However, it was observed that 
membranes annealed for 10 min in the humid oven (i.e., Wet-10) performs slightly worse 
at voltages below 0.6 V. The annealing time and humidity probably impacts the final 
resistance, and thus, the performance of cast membranes. XRD tests showed that a dry 
annealing condition is necessary to ensure similar crystallinity for cast membranes and 
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commercial membranes. Tensile tests showed that cast membranes annealed for 30 and 
60 min in dry annealing condition have similar tensile strength to the commercial 
membrane; while the tensile strength of the membrane annealed for 10 min is about 32% 
lower than commercial membrane. However, this difference is expected to decrease if a 
higher annealing temperature can be used. The significant result from this work is that a 
much lower annealing time (10 min) is sufficient for making cast membranes with similar 
performance as commercial membranes in fuel cells, which is advantageous for scale-up 




CHAPTER 4. CHARACTERISTICS AND PERFORMANCE OF 




In Chapter 2, a detailed MEA fabrication procedure based on slot die coating onto 
catalyzed GDLs was discussed. There are four basic steps of this new procedure: coating, 
annealing, assembling and sealing. In Chapter 2, the feasibility of the membrane coating 
step was experimentally examined and analyzed. In Chapter 3, the conditions for the 
annealing step were experimentally studied. In this chapter, the last two steps will be 
discussed and the characteristics and performance of MEA samples fabricated by this 
new technique will be tested to compare with two MEAs made using traditional methods. 
4.2 MEAs fabrication 
4.2.1 Coating on catalyzed GDL without MPL 
The surface quality of the catalyst layer directly affects the uniformity of coated 
membrane. Thus, an in-house made catalyzed GDL with flat and crack-free catalyst layer 
surface was used for tests to ensure the highest quality surface. These catalyzed GDLs 
were made by uniformly spraying catalyst ink onto carbon paper using an air brush. The 
platinum loading was 0.3 mg/cm2 with a standard deviation of 0.063 mg/cm2. An MPL 
was not applied this time so that the effect of MPL on penetration could be investigated 
by comparing with the results in Chapter 2.  
A 4x4 cm2 Toray 060 carbon paper with a 3x3 cm2 catalyst layer on the center top 
was directly coated with the membrane solution. In order to realize mass production, it is 
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expected that the membrane will be directly coated onto a moving substrate, such as a 
catalyzed gas diffusion layer, with the proper thickness in one pass at mass production 
rates (e.g., 100 cm/s – 1 m/s).  However, in this study the feasibility of the new MEA 
fabrication method is presented for solution being coated onto a moving catalyzed GDL 
at relatively low speeds, in order to control the coating process. Specifically, each sample 
was coated five times with a coating speed of 0.5 cm/s to achieve the desired thickness of 
membrane. Air was forced or blown across the surface to decrease the penetration of 
ionomer. It was found that the membrane tended to crack under turbulent air flow for 
larger samples, e.g., 4x4 cm2. It was also found that higher environmental temperatures 
help prevent cracking. Thus, after each coating, the sample was dried under blown air for 
5 min and then moved to a 60ºC oven for 30 min.  
The increase in thickness and dry weight of the catalyzed GDL were measured 
after each coating. The thickness at 16 fixed positions was measured and averaged. The 
dry weight was measured after drying in the oven. Several samples were made; the results 
of a typical sample are shown in Figure 4.1. Due to the fixed flow rate and speed of 
coating, the increase in dry weight after each coating is constant, 0.042 g. With reference 
to the dry density, 2.132 g/cm3 (measured from casting membrane on glass), of Nafion® 
membrane the volume of a 0.042 g membrane should be 0.0197 cm3. Thus, for a 4x4 cm2 
area, the thickness will be 12.3 μm, which is the theoretical dry thickness increase after 
each coating. However, it is evident from Figure 4.1, that the membrane thickness only 
slightly increases, about 4 μm, after the 1st and 2nd coatings. It is apparently much thinner 
than the theoretical value, which means initially most of the solution penetrates into 
catalyzed GDL. This was distinctly different with what was observed in previous coating 
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tests using purchased catalyzed GDL with an MPL, where the coated membrane was 
around 10 μm after the 1st coating under an even higher coating speed, 0.6 cm/s, which 
theoretically should cause thinner membrane. This means that the MPL prevents 





















































Figure 4.1 Thickness and weight increase of the coated catalyzed GDL with number of 
coating times. [50] 
 
After the 3rd coating it can be seen from Figure 4.1 that the dry thickness of the 
coated membrane increased by 9 μm, which means that the penetration reduced. It is 
believed that this increase in thickness change is due to the decreased porosity from the 
1st and 2nd coatings. In addition, the total increase of membrane thickness for the 4 th and 
5th coating was about 23 μm, which means there was almost no penetration of Nafion® in 
these two coatings. Finally, the entire weight increase was about 0.21 g, which should 
theoretically form a 62 μm thick film on a 4x4 cm2 area. However, the actual increase in 




4.2.2 Samples annealing, assembling and sealing 
After drying, the obtained coated samples were annealed in a 120ºC oven for 10 
min. The effectiveness of this annealing condition has been examined in Chapter 3. Then, 
as shown in Figure 4.2, a 3x3 cm2 catalyst layer was directly sprayed on top of the coated 
membrane, and another 3x3 cm2 GDL was put on top of the sprayed catalyst layer 
without hot pressing to form the MEA. MEAs made from directly coated catalyzed GDL 
will be called D-MEA from hence forth. In addition, the top sprayed catalyst layer will be 
referred to as the sprayed side, while the bottom catalyst layer (where the membrane was 






Sprayed catalyst layer after 
coating (sprayed side)
Initial catalyst layer before 
coating (coated side)  
Figure 4.2 Structure and sealing of MEA fabricated from directly coated catalyzed GDL. 
[50] 
 
The whole D-MEA was sealed by two layers of gasket material (top gasket and 
bottom gasket in Figure 4.2). The overlap between the top gasket and peripheral area of 
the coated membrane was used to prevent leakage and crossover. This MEA fabrication 
and sealing method was selected because it is well suited for small quantity laboratory 
scale fabrication. The complete process discussed in Chapter 2, which includes hot 
pressing and sealant material injection operations, is well-suited for large scale 
production and was not applied in this preliminary demonstration. 
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4.2.3 MEAs fabricated by a traditional method 
In order to facilitate performance comparison, two MEAs were fabricated using 
the traditional approach. One was made of commercial NR-212. The other one was made 
of in-house cast membrane that had the same dry thickness with the NR-212, 50 μm. It 
was annealed under the same conditions as the above D-MEAs (120 ºC for 10 min). Both 
traditional MEAs were made by spraying catalyst ink directly on membrane. Then they 
were joined with two GDLs without hot pressing. All MEAs, including D-MEAs and 
traditional MEAs, were made from the same catalyst ink and had the same platinum 
loading on both sides of the membrane, 0.3 mg/cm2. 
4.3 Performance test 
The performance of the MEAs was evaluated by measuring I-V characteristics 
with a Scribner 850E fuel-cell test station. For more indepth analysis, AC impedance 
spectroscopy, cyclic voltammetry, and sweep voltammetry tests were also conducted. The 
D-MEAs were tested in two orientations, (1) with the sprayed side as the cathode and (2) 
with the coated side as the cathode. Performance results, Nyquist plots and cyclic 
voltammograms, are shown in Figure 4.3 to Figure 4.5, respectively.  Important results 
are summarized in Table 4-1 for comparison. 
From Figure 4.3, it can be seen that the two traditional MEAs performed about the 
same. When the sprayed side was used as the cathode, the overall performance of D-
MEA was closer to that of the traditional MEAs. However D-MEA’s performance was 
much lower when the coated side was used as the cathode. From Figure 4.4, membrane 
resistances were approximated by the high frequency intercepts with the real axis on the 
Nyquist plot. It was found that the resistance was 0.061, 0.057, 0.068 and 0.062 Ohm cm2 
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for NR -212, membrane cast on glass, D-MEA (sprayed side as cathode) and D-MEA 
(coated side as cathode) respectively, as shown in Table 4-1. Considering unavoidable 
measurement errors, these differences are considered small and should not be the reason 
for performance differences. However, as shown in Figure 4.4, traditional MEAs have an 
apparently smaller high frequency arc radius than D-MEA. Especially when the coated 
side was used as the cathode, the D-MEA has the largest high frequency arc radius, which 
indicates a severe oxygen transport limitation exists. In order to find the reason of the 
oxygen transport limitation, the performance test was also conducted using heliox 
(mixture of 21% oxygen and 79% helium) instead of air in the cathode. As shown in 
Figure 4.3, when the coated side was used as the cathode, the D-MEA performed better 
with heliox, but it was still much lower than other cases. These results suggest that the 
oxygen transport limitation was in both the gas and liquid phases, here the liquid phase 
consists of the electrolyte Nafion and water. It is suspected that excessive Nafion® and 
lower porosity were present in the coated side. Therefore, the primary cause of the poor 
performance was the penetration of Nafion® into the catalyst layer and GDL during 
coating. 
The effect of Nafion® penetration could also be demonstrated by comparing the 
ECA of different cases. For traditional MEAs made from NR-212 and membrane cast on 
glass, and the D-MEA when the sprayed side was used as the cathode, the ECAs were 
very close, measured as 49.8, 48.5 and 48.5 m2/g, respectively (Table 4-1). Whereas 
when the coated side was used as the cathode, much higher ECA, 84.4 m2/g, was found 
for the D-MEA. Since all initial catalyst layers were made from the same material and 
procedure, their initial ECAs should be the same. Thus, the higher ECA value of the 
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coated side must be caused by the coating process. Specifically, it indicates higher 
Nafion® content caused by penetration during the coating. From the linear voltammetry 
tests, it is found that the crossover currents of the traditional MEAs and the D-MEA are 
low and the difference between the values is 0.2±0.03 mA/cm2. This small difference 
should not result in a significant change in performance.  
Based on above analysis, the poor performance of the D-MEA could be explained 
in the following way. Due to the sluggish kinetics of the oxygen reduction reaction, the 
electrochemical activity in the cathode side will dominate the overall performance of the 
fuel cell. When the coated side was used as the cathode, the performance was much 
worse due to the higher charge transfer resistance and correspondingly lower 
electrochemical activity. This is because of the penetration of Nafion® in this side, which 
decreases the porosity and also alters the balance of ionic conductivity and electronic 
conductivity. When the sprayed side was used as the cathode, the performance was much 
closer to that of traditional MEAs. However, due to the lower electrochemical activity in 
the coated side, the overall performance was still lower than traditional MEAs.  
To increase the performance of the cell, modifications to the coated side of the 
MEA are required. For instance, membrane solution penetration into the catalyzed GDL 
has to be decreased. Incorporating an MPL into the MEA and accelerating the 
evaporation of solvents by forced convection are plausible methods of decreasing the 
penetration of the solution. Furthermore, the initial weight ratio of Nafion® in the catalyst 





Figure 4.3  Comparison of D-MEA and traditional MEAs. Flow rate = 0.3 L/min for 
anode (H2) and = 2 L/min for cathode (air). Temperature = 75/75/80°C (anode 





Figure 4.4 Nyquist plots of single cells. Flow rate = 1 L/min for the anode (H2) and 2 
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Figure 4.5 Cyclic voltammogram of single cells. Flow rate = 0.2 L/min at anode (H2) and 
cathode (N2). Scan rate = 20 mV s
-1. Temperature =35/35/35°C (anode 
humidifier/cathode humidifier/cell). The reduction charge densities were evaluated within 
the potential window 0.4 to 0.1 V for ECA calculation in Table 4-1. [50] 
 
 
Table 4-1 Summarization of the performance test, AC impedance spectroscopy test and 
cyclic and sweep voltammetry tests. For sweep voltammetry test, scan rate was 2 mV s-1, 
all other conditions were the same as cyclic voltammetry test as explained in the caption 
of Figure 4.6. The H2 crossover current density was chosen at potential value 0.4 V. 
[50] 









































































Membrane cast on glass 
D-MEA (sprayed side as cathode) 




A new fabrication technique to make an MEA using extrusion slot coating to 
directly coat membrane solution onto catalyzed GDL was presented. Preliminary coating 
tests show that the Nafion® dispersion can be directly coated onto the catalyzed GDL, 
forming a membrane on top of the catalyst layer. However, a critical issue is that an 
excessive amount of Nafion® penetrates into the catalyst layer during the coating. 
However, it has been shown that the penetration can be reduced by incorporating an MPL 
and accelerating the evaporation of the solvents via forced convection. MEAs fabricated 
by this new technique perform well, when compared to traditional MEAs, however, more 




SUMMARY OF PART I 
 
As an applied study for coating porous media, a new MEA fabrication procedure 
was developed, by which, catalyzed GDLs have been directly coated with Nafion® 
solution, using a slot die coating technique.  Based on the experimental results and 
discussions in Chapters 2, 3 and 4, the most important conclusions are summarized as 
follows: 
 It is feasible to fabricate MEAs for PEM fuel cells using direct coating polymer 
electrolyte membrane onto porous catalyzed GDL. 
 The number of fabrication steps compared to the conventional MEA 
manufacturing processes is expected to be reduced, since the membranes will not 
require a separate fabrication process. Therefore, the new process has the potential 
to facilitate the mass production of MEAs. 
 The coated membranes might be non-uniform because of the roughness and 
cracks of the catalyzed layer surface. The uniformity of the membrane could be 
improved by introducing pre-processing operations, such as pressing operation.  
  Nafion® solution penetrates into the catalyst layer during the coating process. The 
penetration could be attenuated by introducing rapid evaporation techniques or an 
MPL layer. 
 An annealing time of 10min in dry conditions is sufficient for making the coated 
membranes with good strength and performance. 
 The penetration of Nafion® solution decreases the porosity of the catalyst layer 
and alters the balance of its ionic conductivity and electronic conductivity, thus 
negatively affects the performance of fuel cells. 
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In Part I of this dissertation, the feasibility, advantages and disadvantages of 
directly coating porous media as a potential fabrication route for MEAs were clearly 
elucidated, thus fulfilling the first objective of this dissertation. The results from Part I 
(Chapter 2-4) are expected to have a direct impact on the PEM fuel cells manufacturing 
industry, providing valuable data and guidance for the mass production of PEM fuel cells 
in a cost efficient way. However, the work is broadly applicable to the coating industry.  
From the results of Part I, it was found that the penetration of coated Nafion® 
solution into catalyzed GDL is a dominant factor affecting the performance of fuel cells. 
Subsequently, this motivated a deeper study specifically on the penetration issue of 




PART II: MODELING OF PENETRATION DEPTH FOR SLOT DIE 
COATING ONTO POROUS MEDIA 
 
It has been found in Part I that the penetration of coated Nafion® solution into 
catalyzed GDL is a dominant factor affecting the performance of fuel cells. Actually, the 
fluid penetration into porous substrates is not only significant in the manufacturing of fuel 
cells but also an important common technical issue in the coating industry. Predicting and 
controlling penetration depth while directly coating porous media is not only significant 
in assuring the desired appearance, properties, and performance of the resulting material, 
but also important in controlling the cost of production.  
The objective of Part II is to fundamentally understand the fluid penetration 
process and predict the penetration depth when directly coating porous media, using a 
comprehensive approach. Specifically, computational and analytical models for 
predicting the penetration depth will be developed and experiments will b e conducted to 
validate the models. Based on these models, the relationship between processing 
parameters and final penetration depth will be analyzed, for both Newtonian and non-
Newtonian fluids. Fulfillment of the research work in Part II will provide effective and 
efficient analytical tools which can facilitate predicting and controlling the penetration 
depth for coating porous media. Thus, this work is expected to have a broad impact on 




CHAPTER 5. INTRODUCTION AND BACKGROUND OF 
MODELING THE PENETRATION 
 
5.1 Introduction 
Several important technical challenges exist with coating porous media: coating 
uniformity [81], surface morphology [82-84], manufacturing flexibility [85], and penetration 
depth [15, 36, 42, 86-90] to name a few. Of specific interest is the penetration depth. In general, 
when coating a porous medium, some level of penetration is desirable to obtain specific 
material properties, but inadequate or excessive penetration would be limiting. For textile 
coating, penetration directly affects the bond strength between the coated layer and the 
substrate [15]. If the penetration depth is too low the desired adhesion of coating to the 
substrate will not be obtained. For paper printing and coating, penetration of ink directly 
affects the appearance of the printed paper [32, 33]. Low penetration can even cause ink 
peel-off [34]; whereas excessive penetration can degrade the surface smoothness of the 
coated linerboards [1]. In addition, penetration depth also affects the functionality and 
performance of the resulting material [35]. One example is the coated catalyzed GDLs 
used in low-temperature PEM fuel cells. It has been shown in Part I of this dissertation 
that excessive penetration restricts gas transport and alters the balance of ionic 
conductivity and electronic conductivity, thus, reducing the performance of the fuel cell. 
Furthermore, penetration changes the coating parameters needed for a desired film 
thickness and the operational limits of the coating process, and thus affects the cost of the 
production. Both too high or too low of a coating thickness can lead to unwarranted 
expense [36]. Therefore, predicting and controlling penetration depth when directly 
coating porous media is not only significant in assuring the desired appearance, properties, 
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and performance of the resulting material, but also important in controlling the cost of 
production. In spite of its importance, only limited studies exist to fundamentally 
understand the penetration process and to predict the penetration based on industrial-scale 
coating processes. 
5.2 Previous modeling work 
When modeling the fluid penetration when directly coating porous media, one 
major concern is how to model the flow of fluid in the porous media. Several traditional 
methods exist. The micro-scale approaches include the pore-network model [36, 42], 
Lattice-Boltzmann method, [91, 92] or solving the Navier-Stokes equations [93]. All of these 
micro-scale methods require detailed morphology information of the porous media, the 
geometrical details, and even an extremely fine mesh of the microstructure of the porous 
media to simulate the flow behavior. Thus, they are computationally time consuming and 
are typically applied only to small domains. From the macro-scale, simpler governing 
equations, such as Darcy’s law, have been used [94]. Darcy’s law does not need the 
microstructural information through the porous media; instead it uses the permeability 
and porosity to describe the transport characteristics of the porous media. However, it is 
still difficult to couple the fluid flow in the porous media (called porous flow) governed 
by the 2-D Darcy’s law with the free flow field of the coating bead (called free flow) in a 
coating process. The convergence is problematic due to the complex coupling of pressure, 
velocity, and phase variable between the porous flow and free flow. Furthermore, the 
quantity of elements for the porous flow domain can be large for specific conditions, 
which will cause a time consuming calculation. In this study, a new approach based on 1-
D Darcy’s law is proposed to simulate the penetration when coating porous media. 
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Specifically, a computational fluid dynamics (CFD) model embedded with control points 
is used to simulate the penetration process.  
Another major concern of modeling fluid penetration when directly coating 
porous media is how to determine the pressure in the coating bead. In this region, the 
flow in the coating bead is coupled with the flow in the porous media, which means the 
pressure in the coating bead and the penetration in porous media are dependent on one 
another. However, for simplification, some modeling approaches decouple these two 
flows. Letzelter and Eklund [88, 89] assumed a piece-wise constant pressure distribution in 
their analytical model to predict the dewatering behavior in a blade-coating process on 
paper. Yesilalan and Warner [15] derived an analytical equation to predict the maximum 
possible penetration depth into a woven fabric during the blade-coating process. In their 
model, the pressure distribution on the porous substrate was approximated by the pressure 
distribution for coating onto a solid substrate, which was derived from lubrication theory. 
The penetration process was modeled by the 1-D Darcy’s law. Their predicted 
penetration depths were about three times less than the measured depths and only 
qualitatively showed the same trend as the experimental results.  
Although an approximate pressure distribution simplifies the model, it introduces 
error, which may not be trivial for specific conditions. To avoid such error, some 
researchers coupled the flow in the coating bead to the flow in porous media. Chen and 
Scriven [90] developed an analytical model to predict the penetration of fluid into a porous 
substrate for a flooded-nip-blade coating process. Their model used a modified 
lubrication theory, which calculates the pressure field and penetration depth 
simultaneously. In addition, their model accounted for substrate deformation and trapped 
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air compression. Ninness et al. [87] used a similar method to study the penetration of 
coating fluid into the porous web for a metered-sized-press coating process. Devisetti and 
Bousfield [86] extended the model of Ninness et al. by taking into account the deformation 
of the rubber covered roll during roll coating. They experimentally measured the pressure 
profile, rubber deformation and film thickness and found that high-viscosity- fluid 
behavior agrees well with model predictions. Compared with the work using approximate 
pressure distributions, model predictions that couple the two flows more realistically 
agree with the actual dynamics, resulting in more reasonable pressure distribution and 
penetration depth. However, one drawback of these analytical models is that they do not 
provide an easily solved explicit expression of the final penetration depth. Instead they 
consist of solving several equations by a finite-difference technique, which is relatively 
complex.  
Non-continuum modeling work has also been conducted. Ghassemzadeh et al. [36, 
42] conducted extensive simulations on liquid penetration into paper during a slot-coating 
process. They built a 3-D pore network model of the paper based on the representative 
statistical distribution of its microstructure. Their model allows for the effect of micro-
structural characteristics of paper on penetration to be studied, and it more precisely 
depicts the spatial distribution of a coating fluid in the paper compared with the above 
macro-scale models [15, 86-90]. However, modeling the microstructure of paper requires 
morphological information, which is usually difficult to measure [95]. In addition, similar 
to models developed by Letzelter and Eklund [88], as well as Yesilalan et al. [15], the model 
developed by Ghassemzadeh et al. does not couple the flow in the coating bead with the 
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flow in the porous media. Specifically, only approximate pressure distributions were 
applied on top of the paper to mimic the pressure effect from the coating bead.  
5.3 Limitations of previous modeling work 
Previous modeling work has been summarized and compared in Table 5-1.  
It can be seen from Table 5-1 that previous modeling work has the following limitations: 
 Some previous models decouple the flow in the coating bead and the flow in the 
porous media [15, 36, 42, 88, 89, 95]. 
 Those models which couple two flows together do not provide a simple 
expression of the penetration depth and require a complex calculation procedure 
[86, 87, 90].  
 All modeling work in previous studies are for Newtonian fluids in spite of most 
solutions used in the coating industry are non-Newtonian.  
 Only very limited experimental data are available to validate the predicted 
penetration depth, possibly due to the difficulty of the measuring penetration 
depth inside of the porous media. 
Based on previous studies, it is evident that the analytical relationship between processing 
parameters and the final penetration depth is still not clear nor is it well understood, and 
more experimental work must be conducted to validate the accuracy of modeling work.  
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* Provided experimental results are not the measurement of penetration depth. 
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5.4 Plan for current modeling work 
In order to overcome drawbacks of the above modeling approaches, a framework 
that can be utilized to understand and predict the penetration depth of direct coating on 
porous media will be developed. Specifically, two series of models will be developed, 
one using CFD and the other based on analytical methods, for coating Newtonian and 
non-Newtonian fluids. Using CFD, Navier-Stokes equations will be solved to account for 
flow in the coating bead, while simultaneously solving the flow in the porous media. 
Analytical models will be developed to provide simple expressions of final penetration 
depth based on lubrication equations for Newtonian and non-Newtonian fluids [96], 
Darcy’s law and a modified Blake-Kozeny equation [97, 98]. With these models the 
penetration depth can be quickly solved while accounting for the influence of material 
properties and processing conditions. In the current study slot die coating will be the 
processing method considered.  
5.5 Modeling domain 
A localized view of the slot-die coating process on a porous substrate and the 
main influential parameters are shown in Figure 5.1. The coated fluid is delivered at a 
constant 2-D flow rate, Q, from a fixed slot gap, W, onto a moving substrate with a 
coating speed, V. It can be seen from Figure 5.1 that penetration starts from a point 
between the left die lip and the gap of the slot die and continues until the liquid has 
transformed to a solid film. Based on the governing forces of penetration and the state of 
coated fluid, the coating process can be divided into three regions, as shown in Figure 5.1. 
In Region I, the penetration is mainly governed by the pressure in the coating bead and 
the capillary force in the porous media. The pressure pushes the fluid into the substrate, 
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while the capillary force can either absorb or prevent fluid penetration into the pores of 
the substrate depending on the wetting properties (e.g., contact angle). The time that the 
substrate is exposed to this region is usually very short; it could be as short as 
milliseconds [36]. Thus, the fluid properties can be taken as constant in this region. In 
Region II, the coated fluid undergoes a phase transition from liquid to solid, which is 
usually controlled by the evaporation of the solvent. During this process, the rate of 
penetration is mainly governed by capillary forces. Gravity effects are typically ignored 
in Regions I and II. The significance of gravitational force depends on its relative 
magnitude compared with viscous and capillary forces. In Region III, the coated fluid has 
fully transformed into solid film. Hence, a portion of the coated material remains atop the 
substrate, forming a solid film; while another portion fills the pores of the porous media. 
Coating porous media by using other techniques like roll coating and blade coating could 
be divided into the similar regions like Figure 5.1. 
 
Left of the slot
Q: Flow rate
V: Coating speed
H: Stand-off height 
W: Slot width
    : Left die lip length















Figure 5.1 Schematic illustrating the slot die coating on a porous substrate. [99] 
 
Earlier studies that focused on fluid penetration into porous media have been 
limited to penetration in Region I. This restriction is possibly due to the uncertainty of 
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material properties of Region II, which makes it difficult to model the penetration of that 
region. However, if the coating fluid is highly viscous, and if the capillary force and 
gravitational force are relatively small, the penetration changes during the phase 
transition process will be relatively small. As previous studies, the penetration in Region 
I will be modeled in current study (Chapter 6 and 7). In addition, the penetration in 
Region II will also be discussed (Chapter 9).  
5.6 Assumption of capillary pressure 
The capillary pressure can either absorb or prevent fluid penetration into the 
porous media depending on the magnitude of the contact angle. If the contact angle is 
lower than 90°, the capillary pressure is expected to absorb the fluid into the porous 
media, since it will have a hydrophilic nature. Otherwise, the fluid will be repelled 
because of the hydrophobic nature. The contact angle and capillary pressure with the two 
phase flow in the porous media are very complex issues [100, 101]. Either the actual contact 
angle or the capillary pressure is not a constant value [102]. The discussion of dynamic 
contact angle or dynamic capillary pressure is out of the scope of current study. In this 
study, for simplification, the capillary pressure is assumed to be approximately constant 
to evaluate the overall capillary effect during the penetration process. The capillary 
pressure is defined as a constant positive value when it absorbs the fluid into the porous 
media (hydrophilic or contact angle < 90°); or a negative value when it pushes fluid out 





CHAPTER 6. CFD MODELING OF PENETRATION DEPTH 
 
6.1 Introduction 
In this chapter, CFD models using commercial software, COMSOL 4.2a, are 
developed to study the penetration process of slot die coating on porous media. Models 
for Newtonian and non-Newtonian fluids are developed separately. The penetration depth 
and pressure distribution along the porous media are calculated using the CFD model for 
Newtonian fluids to illustrate the characteristics of the penetration process. Important 
conclusions from this chapter will be used as the basis for making assumptions for 
analytical models in the following chapter. This chapter is based on published work by 
Ding et al. [99, 103] 
6.2 Geometry and boundary conditions 
COMSOL 4.2a is used in this study to develop CFD models. The geometry and 
boundary conditions of CFD models are shown in Figure 6.1. The reference pressure 
(atmosphere pressure) is set to zero. The domain is a Laminar Two-Phase Flow (Level set) 
module, which is a standard module in COMSOL. As shown in Figure 6.1, the slot die is 
composed of several no-slip walls, and the porous media substrate is composed of two 
moving walls and several control points that create small outlets (leaking walls) between 
adjacent control points. Control points are used to simulate the penetration process in the 
porous media substrate. They are only applied under the slot die because the penetration 
in Region I is of interest.  
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Figure 6.1 Geometry and boundary conditions of the COMSOL Model. [99] 
 
6.3 CFD Model for coating Newtonian fluids 
For a Newtonian fluid, 1-D Darcy’s law is applied on every control point to 
satisfy the relationship between the pressure and penetration velocity at each 
corresponding point. This relationship is based on the 1-D assumption, which is valid 
when the wetting length (length of Region I) is much longer than the penetration depth. 
This assumption is reasonable for practical conditions because the length of Region I is 
normally on the order of millimeters whereas the penetration depth is on the  order of 
microns. As shown in Figure 6.1, each control point is indexed by j=1,2,3…Jmax; and 
three parameters, pressure (pj), penetration depth (hj) and vertical velocity (uj), are 









    (6.1) 
where k is the permeability of the porous media, pc is the capillary pressure in the 
porous media, and µ is the viscosity of the coated fluid. The penetration depth is a 
function of time, Δt, which is an interval time moving from point j-1 to point j. Thus hj 












     (6.2) 




 is the penetration velocity at control 
point j-1. Δt can be determined through the relation: Δt= Δs/V, where Δs is the distance 
between adjacent control points, and V is coating speed (speed of substrate). Equations 
(6.1) and (6.2) above ensure momentum conservation and mass conservation in the 
porous media, respectively.  
In addition to control points, the substrate between two adjacent points is defined 
as a leaking wall with the horizontal moving speed, ux=V, and leaking speed, uy= 
(uj+uj+1)/2 (average vertical fluid velocity between two adjacent points). The initial value 
of hj, which is the initial penetration depth, should be zero; however, to avoid a 
singularity of uj, the initial penetration depth is defined as 1 µm. Based on a mesh 
refinement study, it was shown that changing the initial penetration depth from 0.5 to 3 
µm had a negligible effect on the final penetration depth, thus setting the initial 
penetration to 1 µm was determined to be sufficient. During each time step, the solution 
is iterated from point j=1 to point j=Jmax and the pressure (pj), penetration velocity (uj) 
and penetration depth (hj) are calculated at each point.  
The basic iteration procedure is the same for a positive or a negative capillary 
pressure. However, for a negative capillary pressure, the penetration only occurs when pj 
- pc is higher than zero. Thus, during the iteration, the value of pj must be compared with 
pc, to determine whether penetration occurs at point j or not. When pc is higher than pj, uj 
is assumed to be zero. This means that in this model the fluid can only penetrate into the 
porous media, but cannot be pushed out of the porous media.  
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The dynamic contact line (left beginning of Region I in Figure 5.1) is unknown 
initially and thus does not necessarily coincide with point j=1. However, to be 
conservative, control points are applied along the length of the lower meniscus boundary 
to ensure that the dynamic contact line is located in the region of the control points. 
Before each time step, each control point is assessed as air or liquid. If it is air (which is 
true for those control points in front of the dynamic contact line) the penetration depth 
remains 1 µm, i.e., the same as the initial condition.  
6.4 CFD Model for coating non-Newtonian fluids 
For a non-Newtonian fluid, the power law model is usually used to describe its 






 , where app  is the apparent viscosity, and m is the 
consistency index and n is the flow behavior index, which are constants that depend on 
the specific material. Instead of 1-D Darcy’s law, the modified Blake-Kozeny equation [97, 
98] for 1-D flow of power-law fluids through porous media is applied on each control 
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  (6.3) 
where eff  is an effective viscosity defined by:
3 (1 ) / 2







  . Thus, 
for a non-Newtonian fluid, Equation (6.3) replaces equation (6.1) as the momentum 
equation, while Equation (6.2) is still used to account for the mass conservation.  
6.5 Case study and discussion 
A Newtonian fluid is coated onto a porous medium using the developed CFD 
model. Calculations are conducted using the following conditions: Q = 1×10-6 m2/s (2-D 
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flow rate), V = 3.5 mm/s, μ = 0.4 Pa-s, k = 9.375×10-13 m2, ε = 0.75, pc = 0. The geometry 
of the slot die coating configuration is shown in Figure 6.2. A predefined mesh by the 
software is used, in which the maximum element size is 0.05 mm. Δs directly below the 
slot is 0.0417 mm to capture the relatively high velocity gradient in this region, in the 
remaining section Δs is 0.125 mm. It has been shown that this element size and range of 
Δs are sufficiently small to ensure good convergence of the simulated results based on 
coating conditions and parameters used in this study.  
The penetration depth and pressure distribution along the porous media calculated 
from the CFD model are shown in Figure 6.2(b) and (c), respectively, as an example to 
illustrate the characteristics of the penetration process during slot coating on porous 
media. For comparison, the pressure distribution on a solid substrate, while leaving other 
parameters unchanged, is also provided. From Figure 6.2(b), it can be seen that the 
penetration depth increases nearly linearly along the left channel. In contrast, along the 
right channel (in the x direction) the depth increases more slowly and approaches a 
constant value at the outlet of the slot die.  
From Figure 6.2(c), it can be seen that the pressure increases gradually along the 
left channel and decreases gradually along the right channel (in the x direction). Based on 
Darcy’s law, the penetration velocity increases as pressure increases but the velocity 
diminishes as penetration depth increases. In the left channel, the effects of pressure 
increase and penetration depth increase on penetration velocity will balance, resulting in 
an approximately constant penetration velocity (i.e., the penetration depth increases 
linearly). In the right channel, the effects of pressure decrease and penetration depth 
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increase on the penetration velocity results in a decreasing penetration velocity (i.e., the 
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Figure 6.2 The a) geometry of the slot coating configuration, and b) simulated 
penetration depth and c) pressure distribution from the CFD model. (The vertical line 
with x = 0 coincides with the centerline of the slot). [99] 
 
In addition, it can also be seen from Figure 6.2(c) that the magnitude of the 
pressure on the porous substrate is lower than that on the solid substrate. This difference 
demonstrates that estimating the pressure based on a solid substrate, as done in previous 
modeling work [15, 36, 42, 88, 89], will over predict the penetration depth. It is further noted 
that the pressure distribution on the porous media is still close to linear. Furthermore, the 
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pressure gradient in the left channel does not change significantly, while the pressure 
gradient in the right channel is apparently smaller on the porous media. The above 
phenomena will be used as the basis for making assumptions for the analytical models in 










In this chapter, several analytical models for penetration depth during slot die 
coating on porous substrates are developed for both Newtonian and non-Newtonian fluids 
with/without considering capillary pressure. These models are derived based on the 
lubrication equations for Newtonian and non-Newtonian fluids [96], Darcy’s law and the 
modified Blake-Kozeny equation [97, 98].  
7.2 Modeling assumptions 
The following assumptions are used during the derivation: 
1) When coating a Newtonian fluid, penetration in the porous media satisfies 1-D 
Darcy’s law; whereas when coating a non-Newtonian fluid it satisfies the 1-D modified 
Blake-Kozeny equation. 
2) Flow in the coating bead is laminar and fully developed.  
3) Capillary pressure in the porous media is assumed to be a constant value (zero, 
positive or negative); whereas the capillary effect on the upstream and downstream 
menisci of the coating bead is ignored.  
4) Penetration velocity is relatively slow, and the total penetration flow rate is 
much slower than the total flow rate, Q. 




6) The right channel length, L2, is much longer than either the slot width, W, or 
the stand-off height, H. 
7.3 Analytical penetration depth for coating Newtonian fluids without capillary 
pressure 
In this section, only the penetration driven by the pressure from the coating bead 
is considered, i.e., the capillary pressure in the porous media is assumed to be zero.  
Nomenclature found in Figure 5.1 and Figure 7.1 is used during the derivation. 
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Figure 7.1 Schematic of a) the slot die configuration and b) analytical penetration depth 
and c) pressure distribution. [99] 
 
For a Newtonian fluid, the penetration velocity (superficial velocity), vp, at any 








k dp k p x
v x
dy h x 
    (7.3.1) 
The pressure distribution in the coating bead, p(x), and the penetration depth, h(x), 
are functions of coordinate x, as shown in Figure 7.1. vp is also given by 
 
[ ( )] [ ( )] [ ( )]
( )p
d h x d h x dx d h x
v x V
dt dx dt dx
     (7.3.2) 
Substituting Equation (7.3.2) into Equation (7.3.1) yields: 
 ( ) [ ( )] ( )
k
h x d h x p x dx
V 
     (7.3.3) 
For slot-die coating, if the flow is laminar, capillary effects on the upstream and 
downstream menisci are ignored, and if the penetration flow rate is relatively small 
(Assumptions 2 to 4). A modified lubrication theory [87] can be applied to the left channel 
and right channel (Figure 7.1(a)), respectively, to determine the pressure gradients 
(absolute values), m1 and m2 
 1
1 3




  (left channel) (7.3.4) 
 2
2 3




  (right channel) (7.3.5) 
where q1 and q2, are the flow rates in the channel. When coating on a solid substrate, the 
flow rate in left channel, q1, equals zero; the flow rate in the right channel, q2, equals the 
inlet flow rate Q. When coating on a porous substrate, due to the effect of penetration, the 
flow rates in the channel and pressure gradients are functions of x. However, if the flow 
rate of penetration is much smaller than the total flow rate, Q (Assumption 4); q1 and q2 
can be assumed to be constants resulting in m1 and m2 also being constants. In this case, 
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the pressure distribution will be linear along both the left channel and the right channel. 
The obtained expressions of pressure distribution, p(x), are given by 
 1 1( ) ( )p x m L x   (x < 0, left channel) (7.3.6) 
 2 2( ) ( )p x m L x   (x > 0, right channel)  (7.3.7) 
Substituting Equation (7.3.6) into Equation (7.3.3) and integrating from 1L  to x 
( 1 0L x   ) gives the expression of penetration depth, h(x), in the left channel 
 1 1( ) ( )
m k
h x L x
V 
    (7.3.8) 
Substituting x = 0 into Equation (7.3.8) gives the expression of the penetration 





   (7.3.9) 
Substituting Equation (7.3.7) into Equation (7.3.3), integrating from 0 to x 







 , and using the expression of h0, gives the 
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 
  (7.3.10) 
From Equations (7.3.8) and (7.3.10), it can be seen that along the left channel h(x) 
is a linear function. In contrast, along the right channel the slope of h(x) decreases with x. 
The relationship between h(x) and x is depicted by the dashed curve in Figure 7.1(b). This 
relationship has been found using the CFD model in Section 6.5. The penetration depth 
described by Equations (7.3.8) and (7.3.10) does not depend on viscosity because the 
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explicit and implicit viscosity terms in m1 and m2 will cancel. Substituting x = L2 into 








    (7.3.11) 
In order to calculate hf in Equation (7.3.11), the pressure gradients of coating on a 
porous substrate, m1 and m2, must be determined. Determining m1 and m2 is not trivial 
due to the effect of penetration. Previous modeling work [15, 36, 42, 88, 89] used the pressure 
distribution on a solid substrate to approximate the pressure distribution on a porous 
substrate. Based on the result of CFD model in Section 6.5, it has been demonstrated that 
this approximation method will over predict the penetration depth. In this study, m1 and 
m2 are analytically approximated based on the assumptions previously discussed.  
In practice, high coating velocities are always desired to increase the production 
rate (Assumption 5). If the coating velocity is relatively high,  the upstream dynamic 
contact line will be close to the slot, i.e., L1 will be relatively small. By assuming that the 
penetration velocity is relatively slow (Assumption 4), the total penetration in the left 
channel will be negligible. Thus, the flow rate in the left channel, q1, can be 
approximated as zero, consistent with coating on a solid substrate. For the right channel, 
based on the assumption that L2 is much longer than W and H (Assumption 6) and 
understanding that the slope of h(x) decreases with x, the penetration depth in most of the 
right channel is expected to be close to the final penetration depth at the outlet, hf, as 
depicted by the dashed box in Figure 7.1(b). Therefore, the flow rate along the right 
channel, q2, can be approximated by the final flow rate at the outlet which is given by Q – 
hfVε.  









  (left channel) (7.3.12) 
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6 [ 2( )]fVH Q h V
m
H
   
  (right channel)  (7.3.13) 
Equations (7.3.12) and (7.3.13) mean that the pressure distribution on the porous 
media is still close to linear based on the assumptions discussed above. Furthermore, the 
pressure gradient in the left channel for a porous substrate is close to that of a solid 
substrate; whereas in the right channel, the pressure gradient of the porous media is 
apparently smaller than that of a solid substrate. This phenomenon coincides with 
observations found by using CFD model in Section 6.5. Substituting Equation (7.3.12) 
into Equation (7.3.11) and solving Equations (7.3.11) and (7.3.13) gives an quadratic 
function of hf  
 2 0f fA h B h C       (7.3.14) 


























   
Mathematically, there might be two roots of hf. However, as will be demonstrated 









   (7.3.15) 
Equation (7.3.15) is an explicit analytical expression that can be used to calculate 
the final penetration depth of a Newtonian fluid slot coated onto a porous media.  
7.4 Determination of the physically correct penetration depth for the explicit model 
The left side of Equation (7.3.14) can be written as a parabola 
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 2( )f f ff h A h B h C       (7.4.1) 
The roots of Equation (7.3.14) are intersection points between the parabola (7.4.1) 

























  . Therefore the parabola 
(7.4.1) passes through the point ( , )
Q Q
V V 
 . It is also apparent that parabola (7.4.1) 
always pass through the point (0, C). The sign of the C value can be discussed in the 
following way. Based on lubrication theory, the pressure gradient in the left channel for 





(Equation (7.3.12)), which is a positive 
value. Thus, the pressure in the left channel gradually increases with x, as shown in 
Figure 7.1(c). If the capillary effects on the upstream and downstream menisci of the 
coating bead are ignored (Assumption 3), the pressure at the outlet will be close to zero. 
Therefore the pressure gradient in the right channel must be negative, i.e., the pressure 
must gradually decrease with x in the right channel and gradually approaches to zero at 
the outlet. Based on lubrication theory, this means that 2VH Q in the pressure gradient 
terms is a negative value. This is the reason why there is a negative sign in the expression 
of the absolute pressure gradient in the right channel (Equations (7.3.5) and (7.3.13)). If 
2VH Q  is negative, it can be seen from the expression of C in Equation (7.3.14) that C 
must be positive. 
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It is also known that the opening direction of the parabola (7.4.1) is determined by 
the sign of the A value. The A value can either be positive or negative in the current study. 
If A is positive, the parabola opens up, and it can be seen that 
2 24 4
2 2
B B AC B B AC
A A
     
 . However, if A is negative, the parabola opens 
down, and it can be seen that 
2 24 4
2 2
B B AC B B AC
A A
     
 . Based on previous 
discussion, the schematic of the parabola (7.4.1) will look like Figure 7.2(a) for A > 0 and 













































Figure 7.2 Schematic of the parabola equation (7.4.1). (a) A > 0, (b) A < 0. 
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For a reasonable physical meaning, fh  must be a positive value. In addition, the 
penetration flow rate, fh V , must be smaller than the total flow rate, Q. Thus, fh  must 
be smaller than 
Q
V
. Therefore, fh  is a value between 0 and 
Q
V
. It can be seen from 






 is the only possible root for both A > 0 and A < 0 cases. 
That is why expression (7.3.15) is the physically correct penetration depth.  
7.5 Analytical penetration depth for coating non-Newtonian fluids without capillary 
pressure 
In this section, an analytical expression for penetration depth of non-Newtonian 
fluids without considering capillary pressure is derived. Only the penetration driven by 
the pressure from the coating bead is considered.  Nomenclature found in Figure 5.1 and 
Figure 7.1 is used during the derivation.  
When coating a non-Newtonian fluid, the 1-D modified Blake-Kozeny equation is 














  (7.5.1) 
In addition, a generalized lubrication theory for non-Newtonian fluids derived by 
Dien and Elrod [96] is used to approximately calculate the absolute values of pressure 
gradients, which are given by 
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3 3




  (left channel) (7.5.2) 
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Equations (7.5.2) and (7.5.3) can give a good approximation for pressure gradient 
when the flow behavior index of a non-Newtonian fluid, n, is higher than 0.5 and the 
flow rate in the channel is between 0.2VH to 0.8VH [96]. For current derivation, a similar 
approach to that used for a Newtonian fluid is taken. However, Equation (7.3.1) is 
replaced by Equation (7.5.1); Equations (7.3.4) and (7.3.5) are replaced by Equations 
(7.5.2) and (7.5.3). The remaining derivation procedure and assumptions are the same as 
those for coating a Newtonian fluid.  
Specifically, substituting Equation (7.3.2) into Equation (7.5.1) yields 
    
1
1 ( ) 1





h x d h x dx
V 
 
    
 
  (7.5.4) 
where p(x) is given by 
 3 1( ) ( )p x m L x   (left channel) (7.5.5) 
 4 2( ) ( )p x m L x   (right channel) (7.5.6) 
Substituting Equation (7.5.5) into Equation (7.5.4) and integrating from 1L  to x 
( 1 0L x   ) gives the expression of penetration depth, h(x), in the left channel 
    
1
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n n n n
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k
h x m L x
V m 
  
    
 
  (7.5.7) 
Substituting x = 0 into Equation (7.5.7) gives the expression of the penetration 
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 
  (7.5.8) 
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Substituting Equation (7.5.6) into Equation (7.5.4), integrating from 0 to x 
(







 , and using the expression of h0, gives the 
expression of penetration depth, h(x), in the right channel as 
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 
  (7.5.9) 
where the absolute values of pressure gradients, m3 and m4, can be approximated using 
the same approximation of q1 and q2 as those for coating a Newtonian fluid. Substituting 







   (7.5.10) 
 4 3
6 2( )fVH Q h V
m
H
        (7.5.11) 
Substituting x = L2 into Equation (7.5.9) gives the final penetration depth at the 
outlet of slot die, hf 
 ( 1) 1( ) ( )n n nf f fh I D Eh F Gh













































 .    
Equation (7.5.12) is an implicit analytical expression that can be used to evaluate 
the final penetration depth for slot-die coating a non-Newtonian fluid on a porous media. 
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As expected, when n = 1, Equation (7.5.12) will generate the same result as Equation 
(7.3.15) for a Newtonian fluid.  
7.6 Determination of the physically correct penetration depth for the implicit model 
Equation (7.5.12) derived using macro-scale model (Darcy’s law) is only an 
approximation for the overall penetration depth. It cannot provide precise information of 
the penetration depth distribution on the micro-scale level in the porous media. In 
addition, several approximations and simplifications have been introduced in the previous 
derivations. Equation (7.5.12) unavoidably includes errors. Therefore, it is unnecessary to 
find precise roots for Equation (7.5.12) but rather approximations. An easy way for 
solving Equation (7.5.12) is treating the left side and right side of the equation as two 
separate curves. Plotting these two curves and finding the intersection points, thus giving 
the roots of Equation (7.5.12). This procedure can be done using standard math tools, 
such as Matlab.  
It has to be noticed that several mathematical roots exist for Equation (7.5.12), but 
only one of them will be physically correct. For this complex expression, it is very hard 
to use a procedure like Section 7.4 to analytically determine the physically correct root. 
All mathematical roots from Equation (7.5.12) must be checked separately to determine 
which one is physically correct. Following constraints are imposed to find the physically 
correct root in current study: 
(1) fh  must be a positive real number, i.e., 0fh  . 
(2) The absolute value of pressure gradient 4m  (Equation (7.5.11)) calculated 
based on the value of fh  must be positive, i.e., 4 0m  . 
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(3) Penetration flow rate 
fh V  must be smaller than the total flow rate Q, i.e., 
fh V Q  . 
It is possible that none of mathematical roots of Equation (7.5.12) is physically 
correct. This result occurs when the coating conditions used for the calculation are 
physically unreasonable. For example, the coating speed V cannot be set to infinity or 
zero. In order to make sure a physically correct root always exist, the conditions used for 
calculation must be in the region of coating window. The coating window is another 
complex issue and will be discussed in Chapter 8.  
7.7 Analytical penetration depth for Newtonian fluids with a positive capillary 
pressure 
In this section, a positive capillary pressure (hydrophilic or contact angle < 90°) is 
assumed to exist for the two phase flow in the porous media. Analytical penetration depth 
for coating Newtonian fluids with a positive capillary pressure is derived. Nomenclature 
found in Fig 5-1 and Figure 7.3 is used during the derivation. 
As shown in the Figure 7.3(c), the penetration process is governed by the pressure 
in the coating bead, p(x), and the capillary pressure in the porous media, pc. Capillary 
pressure is defined as c non wetting wettingp p p  . In the current study, air is the non-wetting 
phase, penetrated liquid is the wetting phase. Thus, c air liquidp p p  , where airp  is the 
reference pressure which is defined as zero. Therefore, liquid cp p  , where liquidp  is the 
pressure at the front of penetrated fluid (Figure 7.3(c)). ( ) ( )liquid cp x p p x p    is the 
overall driving pressure for penetration. When the capillary pressure is positive it 
increases the pressure difference between the coating bead and the penetrated fluid front, 
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i.e. ( ) cp x p  is higher than p(x). Therefore, the positive capillary pressure is expected to 
increase the fluid penetration since the penetration velocity will increase. 
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Figure 7.3 Schematic of a) the slot die configuration and b) analytical penetration depth 
and c) pressure distribution with a positive capillary pressure  
 








p x pk dp k
v x
dy h x 

    (7.7.1) 
In this section, a similar approach to that used for Newtonian fluids without 
capillary pressure (Section 7.3) is taken. However, Equation (7.3.1) is replaced by 
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Equation (7.7.1). The remaining derivation procedure and assumptions are the same as 
those in Section 7.3. 
As discussed in Section 7.3, vp(x) can also be given by the Equation (7.3.2). 
Substituting Equation (7.3.2) into Equation (7.7.1) yields 
    ( ) ( ) ( ) c
k
h x d h x p x p dx
V 
      (7.7.2) 
As discussed in Section 7.3, the pressure distribution, p(x), in the left channel and 
right channel for coating a Newtonian fluid can be, respectively, given by Equation (7.3.6) 
and (7.3.7). Substituting Equation (7.3.6) into Equation (7.7.2) and integrating from x = –
L1 to 0 gives the expression of penetration depth at x = 0, h0 as 
  1 1 1 2o c
kL
h m L p
V 
    (7.7.3) 
Substituting Equation (7.3.7) into Equation (7.7.2), integrating from x = 0 to L2, 






 , gives the expression of final penetration depth at x = 
L2, hf as 
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h m L p L p
V m m 
 
    
 
  (7.7.4) 
m1 and m2 in Equation (7.7.4) are still unknown. As discussed in Section 7.3, m1 
and m2 can be approximated by Equations (7.3.12) and (7.3.13). Substituting Equation 
(7.3.12) into Equation (7.7.4) and solving Equations (7.7.4) and (7.3.13) gives an 
quadratic function for hf 
 2 0f c f cA h B h C       (7.7.5) 
86 
 
Mathematically, there are two roots of hf. However, it can be demonstrated using 
the procedure introduced in Section 7.4 that only one of them is physically correct, which 
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Equation (7.7.6) is an explicit expression that can be used to calculate the final 
penetration depth of a Newtonian fluid slot-die coated onto a porous substrate, taking into 
account the effect of a capillary force that absorbs the fluid into the porous substrate. As 
expected, when pc = 0, Equation (7.7.6) will generate the same result as Equation (7.3.15).  
7.8 Analytical penetration depth for coating Newtonian fluids with a negative 
capillary pressure 
In this section, a negative capillary pressure (hydrophobic or contact angle > 90°) 
is assumed to exist for the two phase flow in the porous media. Analytical penetration 
depth for coating Newtonian fluids with a negative capillary pressure is derived. 
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Figure 7.4 Schematic of a) the slot die configuration and b) analytical penetration depth 
and c) pressure distribution with a negative capillary pressure 
 
As shown in the Figure 7.4(c), the penetration process is governed by the pressure 
in the coating bead, p(x), and the capillary pressure in the porous media,  pc. As discussed 
in Section 7.7, 
liquid cp p   is the pressure at the front of the penetrated fluid (Figure 
7.4(c)), and ( ) ( )liquid cp x p p x p    is the overall driving pressure for penetration. When 
the capillary pressure is negative it decreases the pressure difference between the coating 
bead and the penetrated fluid front, i.e. ( ) cp x p  is lower than p(x). Therefore, the 
negative capillary pressure is expected to decrease the fluid penetration since penetration 
velocity will decrease.  
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As shown in Figure 7.4, from the position of dynamic contact line, s1, to the 
position, s2, the pressure in the coating bead, p(x), is smaller than the capillary pressure 
(absolute value), –pc. Thus, there is no penetration from s1 to s2, i.e., the penetration starts 
from s2. The penetration depth gradually increases from s2 to s3. From s3 to the outlet, s4, 
the pressure in the coating bead is smaller than the capillary pressure (absolute value), –pc. 
In this case, the penetration depth is expected to decrease from s3 to s4, i.e., the penetrated 
fluid will want to draw upward in y, and out of the porous media. However, the real 
dynamics is much more complex. The penetrated fluid does not necessarily decrease due 
to the effects of the receding contact angle and pinning behavior, which will be discussed 
in detail in Section 9.5. In this study, the penetration depth from s3 to s4 is approximately 
assumed to be constant. The derivation for the final penetration depth, hf, with a negative 
capillary pressure will be limited in the region, s2 to s3.  For this derivation, a similar 
approach used for the positive capillary pressure is taken.  
Substituting Equation (7.3.6) into Equation (7.7.2) and integrating from x = –l1 to 
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  (7.8.1) 
Substituting Equation (7.3.7) into Equation (7.7.2), integrating from x = 0 to l2, 










  , gives the expression of fina l 
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  (7.8.2) 
where m1 and m2 are given by Equations (7.3.12) and (7.3.13). 
Equation (7.8.2) is an implicit analytical expression of the final penetration depth 
because m2 is a function of hf. As expected, when pc = 0, Equation (7.8.2) will generate 
the same result as Equation (7.3.15). Several roots may exist for Equation (7.8.2). The 
physically correct root of Equation (7.8.2) can be determined using the method 
introduced in Section 7.6. However, it has to be mentioned that when the coating speed is 
too high the overall pressure in the coating bead, p(x), might be smaller than the capillary 
pressure (absolute value), –pc. In this case, the physical penetration depth will be zero, 
i.e., no penetration occurs. This phenomenon will be explained in detail, in Section 8.5. 
7.9 Analytical penetration depth for coating non-Newtonian fluids with a positive 
capillary pressure 
In this section, analytical penetration depth for coating non-Newtonian fluids with 
a positive capillary pressure is derived. For this derivation, a similar approach used for 
Newtonian fluids is taken (Section 7.7). Nomenclature found in Fig. 5-1 and Figure 7.3 is 
used during the derivation. 
When coating a non-Newtonian fluid, the 1-D modified Blake-Kozeny equation is 















  (7.9.1) 
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Equation (7.7.1) is replaced by Equation (7.9.1). The remaining derivation 
procedure and assumptions are the same as those in Section 7.7. Substituting Equation 
(7.3.2) into Equation (7.9.1) yields 
    
 
1
1 ( ) 1




k p x p
h x d h x dx
V 
  
   
  
  (7.9.2) 
As discussed in Section 7.5, the pressure distribution, p(x), in the left channel and 
right channel for coating a non-Newtonian fluid can be, respectively, given by Equation 
(7.5.5) and (7.5.6). Substituting Equation (7.5.5) into Equation (7.9.2) and integrating 
from x = –L1 to 0 gives the expression of penetration depth at x = 0, h0 as 
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  (7.9.3) 
Substituting Equation (7.5.6) into Equation (7.9.2), integrating from x = 0 to L2, 






 , gives the expression of final penetration depth at x = 
L2, hf as 
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  (7.9.4) 
where m3 and m4 are given by Equations (7.5.10) and (7.5.11). 
Equation (7.9.4) is an implicit analytical expression of the final penetration depth 
because m4 is a function of hf. As expected, when pc = 0, Equation (7.9.4) will generate 
the same result as Equation (7.5.12). Several roots may exist for Equation (7.9.4). The 
physically correct root of Equation (7.9.4) can be determined using the method 
introduced in Section 7.6.  
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7.10 Analytical penetration depth for coating non-Newtonian fluids with a negative 
capillary pressure 
In this section, an analytical expression for the penetration depth of coating non-
Newtonian fluids with a negative capillary pressure is derived. For this derivation, a 
similar approach used for Newtonian fluids is taken (Section 7.8). Nomenclature found in 
Figure 5.1 and Figure 7.4 is used during the derivation. 
Substituting Equation (7.5.5) into Equation (7.9.2) and integrating from x = –l1 to 
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Substituting Equation (7.5.6) into Equation (7.9.2), integrating from x = 0 to l2, 
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  (7.10.2) 
where m3 and m4 are given by Equations (7.5.10) and (7.5.11). 
Equation (7.10.2) is an implicit analytical expression of the final penetration 
depth because m4 is a function of hf. As expected, when pc = 0, Equation (7.10.2) will 
generate the same result as Equation (7.5.12). Several roots may exist for Equation 
(7.10.2). The physically correct root of Equation (7.10.2) can be determined using the 
method introduced in Section 7.6. However, it has to be mentioned that when the coating 
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speed is too high the overall pressure in the coating bead, p(x), might be smaller than the 
capillary pressure (absolute value), –pc. In this case, the physical penetration depth is zero, 




CHAPTER 8. MODELING OF COATING WINDOW 
 
8.1 Introduction 
As discussed in Section 7.6, in order to get the physically reasonable penetration 
depth, the calculation of penetration depth using analytical models developed in Chapter 
7 have to be conducted using physically reasonable coating conditions that ideally lie 
within the coating window. Therefore, it is necessary to know the position of the coating 
window boundaries before calculating the penetration depth. In this chapter, several 
models of coating window boundaries are developed based on analytical derivation and 
CFD simulation.  
8.1.1 Coating window and coating defects 
Based on Chu et al.’s work [104], a typical coating window for slot die coating on a 
solid substrate is schematically shown in Figure 8.1, which includes three boundaries: 
dripping boundary, air entrainment boundary and break line boundary. The coating has to 
be conducted in the region surrounded by these three boundaries. Othe rwise, coating 
defects will occur.  For example, as shown in Figure 8.1, when the flow rate is fixed at Q1, 
the coating speed, V, must be between Vl and Vh to get a defect- free coating. The 
schematic of a defect-free coating is shown in Figure 8.2. For a defect-free coating, the 
width of the coated film is approximately the same as the width of the slot die, and the 
thickness of the coated film is uniform, as shown in Figure 8.2(c). Based on Chu et al.’s 
work [104], if the coating speed is lower than Vl, dripping will occur. If coating speed is 
higher than Vh, air entrainment will occur. Vb is the maximum possible speed of the 
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coating process. If coating speed is higher than Vb, break lines will occur and a defect-




(2) Air entrainment boundary


























Figure 8.2 Schematic of a defect-free coating. a) side view, b) bottom view, c) cross-

















Figure 8.3 Schematic of coating with dripping. a) side view, b) bottom view, c) cross-
section view of the coated film 
 
Dripping: Dripping occurs when the coating speed is too low or the flow rate is 
too high and the upstream meniscus of the coating bead moves out of the slot die. In this 
case, the cast solution collects behind the upstream die, as shown in Figure 8.3(a). In Chu 
et al’s work [104], a circular roller was used as the substrate, therefore the accumulated 
solution behind the upstream die drips down along the roller. However, the substrate 
below the slot die is a long and flat PET film, in this work. Therefore, real dripping does 
not occur; instead, the accumulated solution usually spreads bilaterally out of the slot die, 
as shown in Figure 8.3(b). This condition may also be called a spreading defect. However,  
the names of dripping and dripping boundary are used in this study for convenience. In 
the case of dripping, the width and thickness of the film can no longer be controlled, as 
shown in Figure 8.3(c). 
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Air Entrainment: For a fixed flow rate, air entrainment occurs when the coating 
speed is so high that surrounding air gets sucked into the liquid film [104]. Chu et al. [104] 
observed that the upstream dynamic contact angle (Figure 8.4 (a)) approaches 180° and 
air bubbles get entrained into the film when the coating speed reaches a critical maximum 
value. Air bubbles are usually referred as air entrainment when discussing coating defects 
[62]. 
As shown in Figure 8.1, Vh on the air entrainment boundary represents the 
maximum coating speed for the fixed flow rate Q1. Since the wet thickness of a coated 




 , the coating speed Vh corresponds to the minimum wet 
thickness for the flow rate Q1. Therefore, the air entrainment boundary shown in Figure 
8.1 can also be referred as the minimum wet thickness boundary. Another coating defect 
related to the air entrainment boundary is ribbing, which looks like regular waves on the 
film surface [62]. Chang et al. [105] found that either air bubbles or ribbing could occur at 
the air entrainment boundary, depending on the magnitude of the upstream dynamic 
contact angle. Specifically, when the upstream dynamic contact angle is smaller than 90°, 
ribbing will occur; whereas when the upstream dynamic contact angle is close to 180°, air 
bubbles will occur. In this study, air entrainment and the air entrainment boundary are 
used for convenience, no matter whether the real defect is air bubbles or ribbing. It has 
been found that the air entrainment usually occurs when the upstream dynamic contact 
line shifts to the centerline of the slot gap [64, 105, 106]. A schematic illustration of air 
entrainment during slot coating is given in Figure 8.4. It should be mentioned that the air 
entrainment boundary shown in Figure 8.1 is a straight line, whereas the actual form 




















Figure 8.4 Schematic of coating with air entrainment. a) side view, b) bottom view, c) 


















Figure 8.5 Schematic of coating with break lines. a) side view, b) bottom view, c) cross-




Break line boundary: Generally, both Vl and Vh in Figure 8.1 increase with Q. 
However, the coating speed cannot increase to infinity. There is an upper boundary of the 
coating speed, Vb, which corresponds to the break line boundary in Figure 8.1. When the 
coating speed is higher than Vb, break lines usually occur and a complete film can no 
longer be obtained [104]. Schematic illustrating break lines during slot coating are shown 
in Figure 8.5(b) and (c). In addition, experimental results have shown that the break line 
boundary is usually a vertical line [62, 104, 107], as shown in Figure 8.1. 
8.1.2 Previous study of coating window 
A lot of work has been done to understand the characteristics of a coating window 
for slot die coating. Ning et al. [62], Yang et al. [108] and Chu et al. [104, 107] experimentally 
studied the effect of polymer and inorganic additives on the coating window and the 
minimum wet thickness. Yu and Liu [109], and Lu et al. [45] measured the coating window 
for a double layer slot die coating. Lin et al. [44] measured the minimum wet thickness for 
a slide-slot coating. Chang et al. [106] compared the coating window of vertical and 
horizontal slot die coatings. Bhamidipati et al. [64] numerically and experimentally studied 
the coating window for a relatively high-viscosity, shear thinning solution. Lee et al. [110] 
used a viscocapillary model to find the coating window and frequency response for slot 
die coating. Nam and Carvalho [111] numerically studied the coating window for a two-
layer tensioned-web-over-slot die coating. Romero et al. [43, 112] numerically and 
experimentally examined the low-flow limit of slot coating of various liquids. 
Most of previous work was based on experiments or simulation, only very limited 
analytical work has been conducted to study the coating window. Ruschak [113] first 
proposed an analytical model to find a coating window using Landau-Levich [114] film 
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coating theory. In Ruschak’s model the viscous effect is ignored, thus the capillary 
pressure alone sets the bounds on coating bead operability. Later, Higgins and Scriven 
[115] extended Ruschak’s work and included viscous effect in their models to determine 
the coating bounds. The accuracy of Ruschak [113], Higgins and Scriven’s [115] models has 
been experimentally demonstrated by Lee et al [63]. However, Ruschak [113], Higgins and 
Scriven’s [115] work is only limited to Newtonian fluids and cannot explicitly explain the 
break line boundary in Figure 8.1. In addition, all of previous work is limited to solid 
substrates. To the best knowledge of the author, the coating window on porous substrates 
has not been studied.  
In this study, a series of analytical models for the dripping boundary and air 
entrainment boundary are developed for both Newtonian and non-Newtonian fluids and 
for both solid and porous substrates. In addition, the position of the break line boundary 
is studied using a CFD model built in commercial software, ANSYS-Fluent 14.5. Based 
on the simulation results and dimensional analysis, a model of the break line boundary is 
developed.  
8.1.3 Three regions of slot die coating 
Before developing analytical models, different regions regarding the coating 
window have to be discussed. Lee et al. [63] experimentally studied the effect of capillary 
number on the minimum coating thickness. Based on their experimental results, there 
exist two coating regions depending on the magnitude of the capillary number. In the first 
region where the capillary number is relatively small, the minimum coating thickness 
increases with capillary number. When the capillary number is high enough, the coating 
gets into the second region, in which the minimum coating thickness does not change 
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with capillary number. Later, Chang et al. [105] extended Lee et al.’s [63] work and found 
that there exists a third region for even higher capillary number, in which the minimum 
coating thickness decreases with the capillary number. Based on Lee et al. [63] and Chang 
et al.’s [105] work, the three regions of slot die coating are schematically shown in Figure 
8.6(a). Figure 8.6(a) shows the relationship between the minimum wet thickness, tmin, and 
the capillary number, Ca, for three coating regions. Since the wet thickness of a coated 




 , the curve in Figure 8.6(a) could be translated into the a 
relationship between Q and V, as shown in Figure 8.6(b) where the slope of the curve 
equals the wet thickness. It can be seen that the slope of the curve in Figure 8.6(b) 
increases in the Region 1 and be a constant in the Region 2 and decreases in the Region 3. 
This is equivalent to the trend observed in Figure 8.6(a). In addition, the curve in Figure 
8.6(b) is the air entrainment boundary of a coating window because it corresponds to the 



















Figure 8.6 Three coating regions of slot die coating. a) relationship between tmin and Ca 




Based on previous work [63, 105, 115], the difference among these three coating 
regions is summarized as follows. In Region 1 of the air entrainment boundary, the 
capillary force of upstream and downstream menisci is significant, and the height of the 
downstream meniscus is relatively high, as shown in Figure 8.7(a). In Region 2 of the air 
entrainment boundary, the capillary force of upstream and downstream menisci is 
insignificant, thus the viscous force in the coating bead dominate. In this case, the height 
of the downstream meniscus is relatively low, as shown in Figure 8.7(b). From previous 
experimental results [105, 106], it was found that the upstream meniscus for both Region 1 
and 2, on the air entrainment boundary, is usually just below the center slot of the die, as 
shown in Figure 8.7(a) and (b). In Region 3 of the air entrainment boundary, the 
downstream meniscus is withdrawn into the downstream die lip region, and the upstream 
meniscus is at a certain point of the upstream die lip region, as shown in Figure 8.7(c). It 
has to be mentioned that an air entrainment boundary does not necessarily include all 
three regions, i.e., three coating regions do not necessarily exist together. For example, 
Lee et al. [63] reported the existence of Region 1 and 2. Chang et al. [105] reported the 
existence of different regions for different conditions. The conditions causing the Region 
3 are still not clear. However, from previous experimental results [105], it seems that 
Region 3 is only considerable for very low viscosity fluids. For example, lower than 5 
mPa s, based on Chang et al.’s [105] experimental results.  
8.1.4 Modeling assumption 
During the derivation of analytical penetration depth models, it has been assumed 
that the capillary effect on the upstream and downstream menisci can be ignored 
(Assumption (3), Section 7.2). In this case, Region 1 of the air entrainment boundary will 
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be relatively insignificant. In addition, since this assumption is generally valid for 
relatively high viscosity liquids, Region 3 of the air entrainment boundary will be 
relatively insignificant too. Therefore, it is anticipated that Region 2 will dominate the 
entire air entrainment boundary. In this case, the air entrainment boundary is close to a 
straight line as shown in Figure 8.1. This is the basic assumption used for the following 
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8.2 Analytical models for dripping and air entrainment boundaries on a solid 
substrate 
8.2.1 Models for coating Newtonian fluids on a solid substrate  
Based on previous discussion, the dripping boundary and air entrainment 
boundary could be explained in the following way. Comparing Figure 8.3(a) with Figure 
8.4(a), it can be seen that the position of the upstream meniscus moves from the left most 
edge of the upstream die to right most edge of the upstream die between the dripping 
boundary and air entrainment boundary. When the upstream meniscus moves to the right 
most edge of the upstream die, as shown in Figure 8.8, the top boundary of the upstream 
meniscus is pinned at the corner of the die and cannot move any further to the right. In 
this case, any further increase in the coating speed will cause an instability of the coating 
bead and lead to defects. As mentioned previously, the defects can either be air bubbles 
or ribbing depending on the magnitude of the dynamic contact angle on the substrate. 
Therefore, the upstream meniscus can approximately move between the left most of the 
upstream die and the center slot. The moving range of the upstream meniscus is shown in 
Figure 8.8. The corresponding coating speeds for these two limits are Vl and Vh, between 













Figure 8.8 Moving range of the upstream meniscus  
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As discussed in Chapter 7, for slot-die coating, if the flow is laminar and the 
capillary effects on the upstream and downstream menisci are ignored, lubrication theory 
can be applied to the left channel and right channel, respectively, to determine the 
pressure distribution in the coating bead, as shown in Figure 8.9. The pressure gradients 







  (left channel) (8.2.1) 
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  (right channel) (8.2.2) 
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Figure 8.9 Pressure distribution for coating a solid substrate.  
The maximum pressure at the center slot is 
 
 1 1 2 2maxp m L m L    (8.2.3) 







   (8.2.4) 
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Since upstream meniscus can only move between the left most and right most of 
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Equation (8.2.6) is the range of the coating speed between the dripping boundary 
and air entrainment boundary. Specifically, the left side of Equation (8.2.6) is the 














  (8.2.7) 
The right side of Equation (8.2.6) is the expression of the coating speed on the air 














  (8.2.8) 
It can be seen from Equations (8.2.7) and (8.2.8) that the dripping boundary and 
air entrainment boundary are only determined by the flow rate and geometry of the die. 
Viscosity or other fluid properties do not affect these two boundaries. The coating speed 
range bounded by Equation (8.2.6) has been derived previously by Higgins and Scriven 
[115]. However, Higgins and Scriven’s work is limited to Newtonian fluids. In the 
following section, this discussion is extended to non-Newtonian fluids. 
8.2.2 Models for coating non-Newtonian fluids on a solid substrate 
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As discussed in Chapter 7, when coating a non-Newtonian fluid, a generalized 
lubrication theory derived by Dien and Elrod [96] can be used to approximately calculate  







  (left channel) (8.2.9) 
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Replacing Equations (8.2.1) and (8.2.2) by Equations (8.2.9) and (8.2.10), and 
following the same derivation procedure as those for a Newtonian fluid (Section 8.2.1), 
the same coating speed range indicated by Equation (8.2.6) can be obtained for a non-
Newtonian fluid. Therefore, non-Newtonian fluids and Newtonian fluids have the same 
dripping boundary and air entrainment boundary, which are determined by the flow rate 
and geometry of the die. Viscosity or other fluid properties do not affect these two 
coating boundaries. 
8.2.3 Analytical minimum wet thickness 
The minimum wet thickness, tmin, which occurs on the air entrainment boundary, 















     (8.2.11) 
Usually L2 is much larger than 0.5W 
[62-64, 104, 105, 108], thus tmin approximately 
equals to 0.5H. Due to the assumption of above modeling work (Section 8.1.4), Equation 
(8.2.11) is actually the minimum wet thickness of the Region 2 in Figure 8.6(a). From 
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Equation (8.2.11) it is evident that the minimum wet thickness in Region 2 is only 
determined by the geometry of the slot die, and is not affected by the viscosity or other 
fluid properties. Equation (8.2.11) is valid for both Newtonian and non-Newtonian fluids. 
8.3 Experimental validation of analytical dripping and air entrainment boundaries 
A direct demonstration of analytical air entrainment boundary is the value of 
minimum wet thickness in Region 2 which has been experimentally measured by many 
researchers. Based on previous work [62-64, 104, 105, 108], it has been experimentally found 
that the minimum wet thickness in Region 2 is generally between 0.5H to 0.7H for both 
Newtonian and non-Newtonian fluids, which is close to 0.5H given by Equation (8.2.11).  
In order to further demonstrate the effectiveness of above analytical models, the 
analytically calculated dripping and air entrainment boundaries are directly compared 
with experimental and numerical results obtained by Bhamidipati et al. [64, 116]. In 
Bhamidipati et al.’s [64, 116] work, the dripping boundary and air entrainment boundary for 
slot die coating two kinds of Black strap molasses (pure and dilute), which are non-
Newtonian onto a solid substrate, were experimentally measured and numerically 
calculated using a CFD model. Analytical, experimental and numerical results are 
compared with each other in Figure 8.10 and Figure 8.11 where the derived analytical 
boundaries for a non-Newtonian fluid, Equations (8.2.7) and (8.2.8), are used.  
It can be seen from Figure 8.10 and Figure 8.11 that the analytically calculated 
dripping and air entrainment boundaries match well with the experimental and simulation 
results. The relative error between analytical and experimental results is generally lower 
than 5%. This can serve as evidence that the analytical models of dripping and air 
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entrainment boundaries for slot die coating on solid substrates derived in previous 
sections are accurate. 
 
Figure 8.10 Comparison of analytical dripping and air entrainment boundaries with 
experimentally and numerically obtained coating boundaries for a kind of dilute black 
strap molasses [64, 116]. Geometrical conditions are W = 0.178 mm, H = 0.178 mm, X1 = 
1.3 mm, X2 = 1.5 mm. 
 
 
Figure 8.11 Comparison of analytical dripping and air entrainment boundaries with 
experimentally and numerically obtained coating boundaries for pure black strap 
molasses [64, 116]. Geometrical conditions are W = 0.25 mm, H = 0.3 mm, X1 = 1.3 mm, X2 



















































8.4 Analytical models for dripping and air entrainment boundaries on a porous 
substrate  
When coating on a porous substrate, the penetration will affect the pressure 
distribution in the coating bead. As discussed in Chapter 7, the pressure gradients 
(absolute values) in the left and right channels can be approximated by Equations (7.2.12) 
and (7.2.13), or Equations (7.4.10) and (7.4.11) for Newtonian and non-Newtonian fluids, 
respectively. Replacing Equations (8.2.1) and (8.2.2) by Equations (7.2.4) and (7.2.5), or 
Equations (7.4.10) and (7.4.11), and following the same derivation procedure in Section 
8.2.1, the coating speed range can be obtained as 
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  (8.4.3) 
In Equation (8.4.1), (8.4.2) and (8.4.3), fh  is the final penetration depth which 
can be calculated using models derived in Chapter 7. It has to be noticed that fh  is a 
function of coating speed V, so Equations (8.4.2) and (8.4.3) are implicit expressions of 
Vl and Vh. Vl and Vh can be determined using the following procedure: 
(1) Calculate the coating speed boundaries using Equation (8.2.6) for a solid 
substrate. The dripping boundary, Vl-s, and air entrainment boundary, Vh-s, obtained from 
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Equation (8.2.6) for a solid substrate can be used as the first approximation for coating 
speed boundaries on a porous substrate.  
(2) For a fixed flow rate Q, assume an initial value of dripping coating speed, Vl-p, 
on a porous substrate, and calculate the penetration depth 
fh  using the models in Chapter 
7 based on the assumed Vl-p. Then substitute fh  into Equation (8.4.2) and calculate 
another value of Vl-p. If the calculated Vl-p from Equation (8.4.2) is the same as (or close 
enough to) the initially assumed Vl-p, then that Vl-p is the dripping boundary. Otherwise, 
assume another Vl-p and repeat the above procedure until the calculated Vl-p from 
Equation (8.4.2) is the same as (or close enough to) the assumed Vl-p. When assuming a 
dripping coating speed Vl-p, the value of Vl-s can be used as the first approximation. It has 
to be mentioned that when calculating 
fh  using an assumed coating speed Vl-p, a 
physically correct 
fh  might not be able to solved. In that case, the assumed Vl-p is out of 
the physically reasonable coating window, thus the assumption of Vl-p must be adjusted. 
(3) Follow the same procedure in step (2) to determine the air entrainment 
boundary. 
It has to be declared that the dripping and air entrainment boundaries for coating 
porous media derived above are based on the assumption that the upstream meniscus can 
only move in the range of upstream die lip, as shown in Figure 8.8. This assumption is a 
direct analogy of coating a solid substrate. To the best of author’s knowledge, the coating 
boundaries for coating a porous substrate has not been studied; thus no experimental data 
exist to directly demonstrate Equations (8.4.1), (8.4.2) and (8.4.3). However, these 
equations are believed to be able to give a first approximation for the coating boundaries 
of coating a porous substrate. Later in Chapter 10, these equations will be used to 
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determine the approximate coating boundaries in the experiments of measuring 
penetration depth when coating on porous carbon paper. L1 
8.5 Effect of penetration on coating window 
Comparing Equation (8.4.1) with Equation (8.2.6), it can be seen that the coating 
speed on both dripping and air entrainment boundaries on a porous substrate is smaller 
than that on a solid substrate. This reduction is due to the effect of penetration. For 
comparison, the dripping and air entrainment boundaries on two kinds of substrates were 
calculated.  Geometrical conditions and porous media properties in Section 6.5 were used 
for calculation. Specifically, geometry is shown in Figure 6.2, V = 3.5 mm/s, μ = 0.4 Pa-s, 
k = 9.375×10-13 m2, ε = 0.75. The capillary pressure is assumed to be zero. The result is 
shown in Figure 8.12. It can be clearly seen that both dripping boundary and air 
entrainment boundary on the porous substrate shifts to lower coating speeds, compared 
with that on the solid substrate.  
 


























The reason of the shifting of coating boundaries could be explained by Figure 
8.13. In Figure 8.13 the flow field of coating a porous substrate is compared with that of 
coating a solid substrate while keeping all other coating conditions the same. This 
calculation was conducted using the CFD model developed in Chapter 6. The following 
conditions were used in the calculation: Q = 1×10-6 m2/s (2-D flow rate), V = 13 mm/s, H 
= 100 µm, W = 100 µm, X1 = 1.3 mm, X2 = 1.5 mm, μ = 0.4 Pa s, k = 8.99×10
-12 m2, ε = 
0.75, pc = 0. From Figure 8.13, it can be seen that the upstream meniscus on the porous 
substrate is closer to the center slot compared with that on the solid substrate. The 
distance between these two upstream menisci is around 0.7~0.8 mm. This means a 
smaller coating speed must be used for the porous substrate to get the same position of 
the upstream meniscus as the solid substrate. This can explain why the coating 
boundaries on a porous substrate shift to lower coating speeds in Figure 8.12. 
 
 
Figure 8.13 Effect of penetration on the position of upstream meniscus  
 
In order to study the effect of penetration depth on coating boundaries, the 
dripping and air entrainment boundaries were calculated for different capillary pressure 
values. Specifically, the capillary pressure, pc, was assumed to be –100 Pa, 0 Pa, and 100 
Pa, respectively, to account for hydrophilic, hydrophobic and neutral wetting conditions. 
The flow rate, Q, was fixed at 1×10-6 m2/s (2-D flow rate). Geometrical conditions and 
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porous media properties in Section 6.5 were used for calculation. Specifically, geometry 
is shown in Figure 6.2, V = 3.5 mm/s, μ = 0.4 Pa-s, k = 9.375×10-13 m2, ε = 0.75. The 
results are summarized in Table 8-1. Using the analytical penetration depth models 
developed in Chapter 7, the change of penetration depth with coating speed within the 
coating boundary was also calculated. The results are shown in Figure 8.14. 
 
Table 8-1 Coating boundaries for a solid substrate and a porous substrate with different 
capillary pressure values based on the analytical models 
 
Coating speed of dripping 
boundary  
 (mm/s) 
Coating speed of air entrainment 
boundary (mm/s) 
Solid substrate 4.2 7.7 
pc = 0 Pa 3.7 7.4 
pc = -100 Pa 3.9 7.7 
































Coating speed (mm/s) 
Capillary pressure = -100 Pa 
Capillary pressure = 0 Pa  
Capillary pressure = 100 Pa  
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As discussed in Chapter 7, a positive capillary pressure (hydrophilic or contact 
angle < 90°) should increase the penetration depth; while a negative capillary pressure 
(hydrophobic or contact angle > 90°) should decrease the penetration depth. This effect 
can be clearly seen in Figure 8.14. It can also be seen from Table 8-1 and Figure 8.14 that 
higher penetration depth causes lower coating speed of both dripping boundary and air 
entrainment boundary. For example, the Pc = 100 Pa case has the lowest dripping 
boundary and air entrainment boundary compared with other two cases. The importance 
of this finding for the coating industry is that the production rate of coating a porous 
substrate might decrease with an increase in penetration depth. 
Another interesting phenomenon can be found in Table 8-1 and Figure 8.14, 
namely that the air entrainment boundary for a porous substrate with a negative capillary 
pressure does not change compared with a solid substrate. Specifically, the air 
entrainment boundary for both the solid substrate and the negative capillary pressure 
cases is the same, 7.7 mm/s. From Figure 8.14, it can be seen that the penetration depth is 
zero, i.e., there is no penetration, for Pc = –100 Pa and coating speed is higher than 7 
mm/s. This is because when the coating speed is higher than 7 mm/s, the pressure in the 
coating bead is smaller than the 100 Pa. In this case, the fluid cannot be pushed into the 
porous media, and no penetration can occur. Therefore, when the coating speed is high 
enough for a negative capillary pressure case, a porous substrate has similar 
characteristics to a solid substrate, and the air entrainment boundary does not change. 
This phenomenon has been mentioned previously in Section 7.10. 
8.6 Modeling of break line boundary 
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As mentioned previous in Section 8.1.1, many experimental data have shown that 
the break line boundary is usually a vertical line [62, 104, 107], as shown in Figure 8.1. This 
means that the break line boundary corresponds to the maximum possible coating speed 
of the entire coating window, thus it directly determines the productivity of the coating 
process. However, in spite of its importance, the mechanisms that affect the break line 
boundary are not well understood. In this section, a model of the break line velocity, Vb, 
will be developed based on dimensional analysis and numerical study.  
8.6.1 Break line boundary 
As shown in Figure 8.15, Qbl corresponds to the lowest flow rate on the break line 
boundary. Qbh corresponds to the highest flow rate on the break line boundary. (Vb, Qbl) is 
the intersection point between the air entrainment boundary and the break line boundary. 
(Vb, Qbh) is the intersection point between the dripping boundary and break line boundary. 
Since the break line boundary is just between the air entrainment boundary and dripping 
boundary, the upstream meniscus will move from the center slot, i.e., the right most area 
of the upstream die, to the left most area of the upstream die, when the flow rate increases 
from Qbl to Qbh along the break line boundary. This is exactly the moving range of 
upstream meniscus indicated in Figure 8.8. Therefore, if a solution is coated along the 
break line boundary, the upstream meniscus can be at any position below the upstream 
die (Figure 8.8) depending on the magnitude of the flow rate. This is different with the 
dripping boundary for which the upstream meniscus is always at the left most of the 
upstream die, and the air entrainment boundary for which the upstream meniscus is 
always at the right most of the upstream die. The defect accompanying with the break 
line boundary is usually break lines [104], which is a collection of streaks on the substrate. 
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It has to be noticed that all defects on both break line boundary and air entrainment 
boundary, including break lines, air bubbles and ribbing, are indicators of an unstable 





(2) Air entrainment boundary










Figure 8.15 Flow rate range of break line boundary 
 
8.6.2 Dimensional analysis 
Dimensional analysis is conducted to determine all possible dimensionless 
combinations of variables that affect the break line velocity, Vb. Important parameters 
that may affect Vb include: fluid viscosity (µ), fluid surface tension (σ), fluid density (ρ), 
contact angle on the substrate (α), contact angle on the die (β), stand-off height (H), 
length of the right channel (L2), and acceleration of gravity (g). In this study the break 
line is assumed to be vertical,  thus Vb is not affected by Q.  Using Buckingham pi 
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 . 1  is the capillary number. It takes on the form 
  2 3 4 5 6, , , ,
bV      

   (8.6.1) 
where   is an unknown function that will be determined numerically. 
8.6.3 Numerical study 
A 2-D CFD model using commercial software, ANSYS-FLUENT 14.5, was built 
to study the break line of slot die coating on a solid substrate. The geometry and 
boundary conditions of the FLUENT model are similar as those of the COMSOL model 
shown in Fig. 6-1. However the bottom substrate in the FLUENT model is a non-porous 
moving wall without control points. The following die dimensions were fixed in this 
study: X1 = 1.3 mm, X2 = 1.5 mm, W = 250 µm. In the 2-D FLUENT model, the defect of 
break lines as shown in Figure 8.5 cannot be directly observed. Instead, as indicated in 
Figure 8.16, the air phase will get entrained between the liquid phase and the substrate 
when the coating speed exceeds a certain limit. In this study the air phase and liquid 
phase are approximately divided using a critical volume fraction, 0.5. It is believed that 
the entrained air phase is an indicator of the instability of a coating bead, which 
corresponds to physical coating defects observed in experiments. This simulation method 
has been used and experimentally validated by Bhamid ipati et al. [64, 116] in their study of 
dripping and air entrainment boundaries. Therefore, in this study the appearance of the 
entrapped air phase is used as the indicator to approximately determine the break line 
boundary. One example is shown in Figure 8.16. With the coating conditions in Figure 
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8.16, the break line velocity was found to be around 195 mm/s. For all cases in this study, 
the precision of break line velocity is either ±2.5 mm/s or ±5 mm/s. Taking the case in 
Figure 8.16 as an example, keeping all other coating conditions the same, the entrapped 
air phase does not occur at V = 190 mm/s; but rather 200 mm/s. An average velocity, 195 
mm/s, is approximately determined to be the break line velocity. In this example, the 




Figure 8.16 Example picture of the air phase entrapped between the liquid and substrate 
when the coating speed is higher than Vb. Coating conditions are: Q = 21 mm
2 /s, V = 200 
mm/s, µ = 40 mPa s, σ = 24 mN/s, ρ = 1000 kg/m3, α = 62°, β = 69°, H = 130 µm.  
 
Mesh refinement study 
A mesh refinement study was conducted to determine the sufficient element size 
that can give consistent results of break line velocity. The following parameters are used 
in the mesh refinement study: µ = 80 mPa s, σ = 24 mN/s, ρ = 1000 kg/m3, α = 62°, β = 
69°, and H = 130 µm. Results are shown in Figure 8.17. It can be seen that as the element 
size decreases from 10 µm to 5.2 µm the break line velocity decreases from around 145 
mm/s to around 97.5 mm/s. However, further decreasing the element size does not 
significantly affect the break line velocity. Based on this result, all calculations in the 





Figure 8.17  Results of mesh refinement study 
 
Effect of viscosity and surface tension on the break line velocity 
In Equation (8.6.1), viscosity, µ, and surface tension, σ, appear in 1 , 4  and 6 . 
Using the CFD model, the effects of viscosity and surface tension on the break line 
velocity were studied. Specifically, three viscosity values (20 mPa s, 40 mPa s and 80 
mPa s) and two surface tension values (24 mN/s and 48 mN/s) were used. Other fixed 
parameters were: ρ = 1000 kg/m3, α = 62°, β = 69° and H = 130 µm. Coating parameters 
in the current study were chosen to be in the typical range based on existing experimental 
studies [44, 62, 63, 104-109]. The velocity of the break line boundary was calculated at different 
flow rate values, and the dripping boundary and air entrainment boundary were 
calculated using analytical models proposed in the Section 8.2. Results are shown in 
Figure 8.18.  
It can be seen from Figure 8.18 that the break line boundary is almost a vertical 
line for the different cases. It can also be seen that with a fixed surface tension, 24 mN/s, 




























Element size (µm) 
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line velocity is around 97.5 mm/s, 195 mm/s and 380 mm/s for viscosity values 80 mPa s, 
40 mPa s and 20 mPa s, respectively. Checking the expressions of 
1 , 4  and 6 , it can 
be seen that only 
1  follows this inverse relationship between the break line velocity and 
viscosity; while 4  and 6 do not. This means that the effects of 4  and 6  are 
negligible. Further study found that when the surface tension is doubled from 24 mN/s to 
48 mN/s as the viscosity is constant, or the viscosity is doubled from 20 mPa s to 40 mPa 
s as the surface tension is constant, the coating speed does not significantly change. Thus, 
the break line velocity is affected by the ratio of surface tension and viscosity. This 
relation is exactly expressed by the term 1  in Equation (8.6.1).  
 
 
Figure 8.18 Effects of viscosity and surface tension on the break line velocity 
 
Effect of stand-off height on the break line velocity 
In Equation (8.6.1), stand-off height, H, appears in 4 , 5  and 6 . The following 
























Coating speed (mm/s) 
Viscosity: 80 mPa s, Surface tension: 24 mN/s 
Viscosity: 40 mPa s, Surface tension: 24 mN/s 
Viscosity: 40 mPa s, Surface tension: 48 mN/s 
Viscosity: 20 mPa s, Surface tension: 24 mN/s 
Analytical dripping and air entrainment boundaries 
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velocity:  µ = 80 mPa s, σ = 24 mN/s, ρ = 1000 kg/m3, α = 62° and β = 69°. Three stand-
off height values were used: 130, 180 and 230 µm. The results are shown in Figure 8.19. 
It can be seen from Figure 8.19 that increasing stand-off height from 130 µm to 230 µm 
only shifts the dripping boundary and the air entrainment boundary but does not 
apparently change the break line boundary. The break line velocity is around 100 mm/s 
for both cases. Based on this result, the effects of 4 , 5  and 6  are negligible. 
 
 
Figure 8.19 Effect of stand-off height on the break line velocity 
 
Effects of contact angles on the break line velocity 
In Equation (8.6.1), 2  and 3  are the substrate contact angle (α) and the die 
contact angle (β), respectively. The following coating conditions were fixed when 
studying the effect of contact angles on the break line velocity: µ = 80 mPa s, σ = 24 

























Coating speed (mm/s) 
Break line boundary, H=130 µm 
Break line boundary, H=180 µm 
Break line boundary, H=230 µm 
Analytical dripping and air entrainment boundaries, H=130 µm 
Analytical dripping and air entrainment boundaries, H=180 µm 
Analytical dripping and air entrainment boundaries, H=230 µm 
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for α and β. α was fixed at 62° when studying the effect of β; while β was fixed at 69° 
when studying the effect of α. It has to be mentioned that α and β are static contact angles 
as inputs for FLUENT. The results are shown in Figure 8.20. It can be seen that the break 
line velocity seems to be proportional to cos( ) 1  , but is not apparently affected by the 
value of  β. Thus, the effect of 3  is negligible.  
 
 
Figure 8.20 Effects of contact angles on the break line velocity 
 
8.6.4 The model of break line boundary for coating Newtonian fluids on a solid substrate  
Based on previous numerical study, Equation (8.6.1) is reduced to 






       (8.6.2) 
where c is a constant value. Based on all numerical results of Vb in current study, c is 
found to be around 0.22.  
The left side of Equation (8.6.2) is the actually the capillary number. Equation 
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break line boundary. If the capillary number is higher than the critical value, good coating 
will not be obtained. The critical capillary number, based on current study, is mostly 
determined by the contact angle of fluid on the substrate, i.e., the right side of Equation 
(8.6.2). Another important conclusion could be obtained from Equation (8.6.2) is that slot 
die geometry does not affect the break line velocity.  
8.6.5 Experimental validation of the developed model of break line boundary 
Experimental validation of Equation (8.6.2) is not trivial. Existing experimental 
studies are either only limited to the air entrainment boundary or minimum wet thickness 
[44, 63, 105, 106, 108, 109], or use non-Newtonian fluids with added particles [62, 104, 107]. In 
addition, existing experimental studies usually do not report the contact angles. Gutoff 
and Kendrick [117] measured the break line velocity for slide coating using several kinds 
of Newtonian liquids. Slide coating is another premetered coating process [117]. It forms a 
coating bead between the die and the substrate similar to slot die coating, and it also has a 
similar form of coating window. Though slide coating uses different die geometry, it is 
expected to have a similar break line velocity with the slot die coating. This is because, as 
previously discussed, the break line velocity is mostly determined by fluid properties, 
instead of die geometry. Gutoff and Kendrick [117] reported the break line velocity, 
viscosity and surface tension for different fluids. Their results are re-plotted in Figure 
8.21. From Figure 8.21 it can be seen that the break line velocity increases almost 
proportionally with the ratio of surface tension and viscosity. This is exactly the 
relationship described by Equation (8.6.2). Therefore Gutoff and Kendrick’s [117] 
experimental results provide strong evidence that Equation (8.6.2) can capture the break 
line boundary reasonably well. 
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Gutoff and Kendrick [117] did not report the contact angle on the substrate, but 
based on their experimental results in Figure 8.21, the contact angle values for different 
liquids in their experiments are expected to be close to each other. Half of the liquids in 
their experiments are different concentrations of glycerin, which should have similar 
contact angles because it has been found that glycerin and water usually have similar 
contact angles on many solids [118, 119]. Using Equation (8.6.2) and the data in Figure 8.21, 
a contact angle, 71°, is back calculated.  
 
 
Figure 8.21 Experimentally measured break line velocity changing with the ratio of 
surface tension and viscosity for Newtonian fluids [117].  
 
8.6.6 The model of break line boundary for coating non-Newtonian fluids on a solid 
substrate 
Though Equation (8.6.2) is developed based on Newtonian fluids, as a first 
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viscosity term is substituted with that for a power law fluid.  

















.  is the approximate viscosity of a non-Newtonian fluid between 
two parallel plates [96]. 
 
 
Figure 8.22 Experimentally measured break line velocity changing with the ratio of 
surface tension and viscosity for non-Newtonian fluids [62]. 
 
Ning et al. [62] reported the break line velocity for slot die coating several non-
Newtonian polymer liquids. Their results are summarized and re-plotted in Figure 8.22. It 
can be seen from Figure 8.22 that the break line velocity for non-Newtonian fluids still 
generally increases with the ratio of surface tension and viscosity. However, data points 
in Figure 8.22 have a significant deviation. This is probably because the liquids used in 
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behavior of the liquids. Another reason is that the contact angle for different liquids in 
their experiments may significantly differ from each other. Considering these uncertain 
effects, it is believed that experimental data in Figure 8.22 can serve as evidence for the 
validation of Equation (8.6.3). 
8.6.7 Discussion 
In this section, models of the break line boundary for coating Newtonian and non- 
Newtonian fluids on a solid substrate were developed based on dimensional analysis and 
numerical study. It has been shown that  
1) There exists a critical capillary number that corresponds to the break line 
boundary. If the capillary number is higher than the critical value, good coating will not 
be obtained; 
2) The critical capillary number is primarily determined by the contact angle of 
fluid on the substrate, and 
3) Slot die geometry affects the dripping and air entrainment boundary but does 
not affect the break line boundary.  
Though models of the break line boundary (Equations (8.6.2) and (8.6.3)) are 
developed for coating on a solid substrate, they are expected to be able to provide a first 
approximation for the maximum coating speed on porous substrates. However this study 








In this chapter, analytical models of penetration depth derived in Chapter 7 will be 
validated via comparing with both numerical and experimental results. Numerical results 
were obtained using the CFD model developed in Chapter 6. Experimental results were  
obtained for different fluids and different substrate within the coating bounds determined 
by the model developed in Chapter 8. Finally, the effects of different parameters on 
penetration depth are discussed using the proposed models.  
9.2 Numerical validation 
A parametric study was conducted to study coating Newtonian fluids onto porous 
media using the developed CFD and analytical models. Calculations and simulations 
were conducted under different processing parameters including coating speed, flow rate, 
permeability, porosity and viscosity, as shown in Table 9-1. The capillary pressure was 
assumed to be zero. Thus, Equation (7.3.15) was used to calculate the analytical 
penetration depth. The geometry of the slot die coating configuration is shown in Figure 
6.1 and Figure 6.2. A uniform mesh is used in the CFD model, in which the maximum 
element size is 0.05 mm. Δs directly below the slot is 0.0417 mm to capture the relatively 
high velocity gradient in this region, in the remaining section Δs is 0.125 mm. It has been 
shown that this element size and range of Δs are small enough to ensure good 









































































































































 0.5 49.64 50.26 -1.26% 
* Relative error = (CFD value - analytical value) / (CFD value) ·100% 
 
The final penetration depths calculated from the analytical and CFD models for 
coating Newtonian fluids have been compared with each other to check their consistency. 
From Table 9-1, it can be seen that the results from both models are in good agreement. 
The overall relative error is less than 6%. As discussed in Chapter 6 and 7, these models 
were developed based on different methodologies (i.e., CFD and analytical formulation), 
different derivation procedures, with different governing equations for the coating bead 
(i.e., Navier-Stokes equations and lubrication theory). Thus, the consistency of results in 
Table 9-1 can serve as preliminary evidence that both analytical and CFD models for the 




9.3 Experimental validation 
9.3.1 Material  
Experiments have been conducted to validate the proposed analytical models of 
final penetration depth. Glycerin, a Newtonian fluid with 99.91 wt%, and black strap 
molasses, a non-Newtonian fluid, purchased of the shelf were used as test fluids. Glycerin 
has the following viscosity, density and surface tension: 0.91 Pa s [120],  1260 kg/m3 and 
0.063 N/m [121], respectively. Molasses has the following power law properties, density 
and surface tension [64]: m = 8.07 Pa sn, n = 0.83, 1452 kg/m3 and 0.047 N/m, respectively. 
Therefore, glycerin is relatively low viscous, while molasses is relatively high viscous. 
The following die dimensions were fixed in experiments: X1 = 5.207 mm, X2 = 4.648 mm, 
W = 250 μm. The experiments were conducted at ambient temperature, 25°C. Three kinds 
of Toray 090, carbon paper, were chosen as the porous substrates. Specifically, the 
carbon paper used in the experiments includes Toray 090 purchased in 2011, Toray 090 
purchased in 2013 and Toray 090 treated with 20% Polytetrafluoroethylene (PTFE) 
purchased in 2013. They were classified as Toray 090 (2011), Toray 090 (2013) and 
Toray 090 (PTFE), respectively. Porous media properties including permeability, 
porosity and average pore radius could be found from literature, and are shown in Table 
9-2. Contact angle of two kinds of test fluids on the surface of the each carbon paper was 
measured in house by using a Rame-Hart goniometer. The droplets were stable on the 
porous media during the measurements. Measurements were conducted at least 10 times 
for each case and average values were calculated, as shown in Table 9-2. Due to the 
effect of penetration and the micro pores structure on the surface of carbon paper, the 
measured contact angle has relatively large deviation. Different batches of Toray 090 
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were initially supposed to have the same property. However, it was found that the 2011 
batch and 2013 batch have apparent different contact angle values. Therefore they are 
treated as two kinds of substrates in the experiments. The discrepancy of the surface 
contact angle is believed to be related with surface treatment in the production. The 
microstructure of Toray series carbon paper has been measured and studied by a lot of 
researchers [122-126], thus it is believed to be consistent for different batches. Therefore 
other properties related with microstructure including permeability, porosity and average 
pore radius were assumed to be consistent for different batches.  
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 146.6 ± 4.2 - -9200 - 
 
In this study, the capillary pressure in the porous media was approximately 






   (9.1) 
where σ is surface tension, θ is contact angle of coating liquid on the surface of carbon 
paper, r is the average pore radius. The approximate capillary pressure values for all 
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cases are shown in Table 9-2. It can be seen that since all contact angles are higher than 
90° the capillary pressure values are all negative. It has to be declared that Eq uation (9.1) 
is only an approximate evaluation of the capillary effect in the porous media. The real 
capillary pressure is related with dynamic advancing contact angle and the microstructure 
inside the porous media [100-102, 127] , which are far more complex and beyond the scope of 
the current study. In this study, for simplification, the capillary pressure is assumed to be 
approximately constant to evaluate the overall capillary effect during the penetration 
process. 
Table 9-3 Processing parameters for experiments 
Test 
# 


















































Glycerin  0.706 130 3.9~10.6 3.6-5.2* 
* The used minimum coating speed, 3.6 mm/s for Test #9, was a little bit smaller than the 
analytical value, 3.9 mm/s. However, when 3.6 mm/s was used, dripping was not 
observed. This is because the measured penetration depth was higher than the predicted 




9.3.2 Experimental design 
Experiments were conducted under different processing parameters including 
flow rate, coating speed, permeability, porosity, viscosity, fluid and substrate, as shown 
in Table 9-3. The experimental coating speed was controlled in the analytical coating 
bounds calculated using Equation 8.4.1. No defects were observed for any case. This 
provides preliminary evidence that the developed analytical coating speed range on the 
porous substrate is accurate. 
9.3.3 Penetration depth measurement method 
The penetration depth was determined by measuring the weight of the penetrated 
fluid. After coating the carbon paper, the top fluid on the coated sample was immediately 
removed with a blade. A schematic of the initial coated porous substrate is shown in 
Figure 9.1(a) and Figure 9.1(b) shows the sample after the top fluid is removed. The 
weight, Mt, and the area, At, of the sample without top fluid (Figure 9.1(b)), are measured 
first. Then weight of the carbon paper, Mp, is calculated by Mp = ρa∙At, where ρa is the 
area density of the carbon paper. ρa has been measured to be around 1.186 × 10
-4, 1.264 × 
10-4 and 1.462 × 10-4 g/mm2 for Toray 090 (2011), Toray 090 (2013) and Toray 090 
(PTFE), respectively. Then, the weight of the penetrated fluid, Mf, is calculated by Mf = 








   (9.2) 
in which ρ is the density of the coated liquid. In this study, three samples were made and 
measured for each set of coating conditions; and the average penetration depth and 











Figure 9.1 Schematic of coated porous substrate (a) with and (b) without the top fluid. In 
this study, the test and measurement was repeated at least three times for each data point, 
and the standard error was calculated for each data point.  
 
9.3.4 Experimental results 
The experimental results of Test #1 are shown and compared with analytical 
results in Figure 9.2. For comparison, analytical penetration depth is calculated with and 
without capillary pressure. Specifically, Equations 7.5.12 and 7.10.2 are used for 
calculation. It can be seen from Figure 9.2 that the analytical models agree with 
experimental results well. However the error between predicted and measured penetration 
depth seems relatively higher when either the coating speed is higher than 5 mm/s or 
lower than 3 mm/s. This phenomenon can be explained in the following way. As coating 
speed increases, the penetration depth decreases. However, the physical penetration depth 
cannot decrease below a critical limit. This critical limit is imposed by the assumption 
that the penetration depth must be larger than the pore size, to ensure the permeability is 
the same as what is based on the overall transport property of the porous media. The 
porous flow in a very thin top layer of the carbon paper cannot be explained by the 
Darcy’s law which describes an overall transport characteristic. It has been found that 
regardless of how fast the coating speed is, some pores on the surface of the carbon paper 
will be filled. Based on all the experimental results from Tests #1-#9, it was found that 
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the penetration depth does not significantly decrease beyond 40 µm which is equivalent 
to two pores. This can explain the relatively higher error when the coating speed is higher 
than 5 mm/s. Analytical models developed in Chapter 7 are based on an assumption that 
the coating speed is relatively high (assumption 5 in Section 7.2). Thus, if the coating 
speed is too low the error might increase. This can explain the increased error when the 
coating speed is lower than 3 mm/s.  
 
 
Figure 9.2 Experimental and predicted results of Test #1. 
 
It can also be seen from Figure 9.2 that the capillary pressure does not 
significantly affect the calculated penetration depth. The capillary pressure only shifts the 
curve of predicted penetration depth down by 5~10 µm. This is because the maximum 
pressure in the coating bead, using Equation 8.2.3, is generally between 3000 ~ 6300 Pa 
under the coating conditions of Test #1. This is much higher than the absolute value of 
capillary pressure, 1500 Pa. Therefore, the pressure in the coating bead dominates the 
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caused by relatively high viscosity of molasses and relatively smaller stand-off height, 
140 µm, used in Test #1. This phenomenon is important because it suggests that the 
capillary effect on penetration depth might be ignored when coating a relatively high 
viscosity fluid.  
Tests #2 and #3 were conducted using either higher stand-off height or lower flow 
rate than Test #1. Under the coating conditions of Test # 2 and #3, the pressure in the 
coating bead is smaller, thus the effect of capillary pressure is expected to be more 
significant. Results of these two tests are shown in Figure 9.3 and Figure 9.4, 
respectively. Comparing Figure 9.3 and Figure 9.4, it is clearly shown that the effect of 
capillary pressure is more significant in Tests #2 and #3 than that in Test #1. Specifically, 
the capillary pressure shifts the curve of predicted penetration depth down by 9~15 µm 
and 23~34 µm for Tests #2 and #3, respectively. Under the coating conditions of Tests #2 
and #3, the analytical model with capillary pressure apparently gives a better prediction 
than that without capillary pressure, as expected. In addition, as in Test #1, the measured 
penetration depth in Tests #2 and #3 does not decrease below 40 µm. 
Tests #4 and #5 were conducted using the same flow rate, stand-off height and 
similar coating speed range but different substrates. One is Toray (2013) the other is 
Toray (PTFE). These two substrates have different permeability and porosity, and more 
importantly, cause different capillary pressure. Experimental results in Figure 9.5 clearly 
show the difference of penetration depth on these two substrates. Specifically, Toray 
(PTFE) has a low penetration depth level because the PTFE treated carbon paper is more 
hydrophobic. This follows the expected trend. Compared with Tests #1, #2 and #3, the 
results in Figure 9.5 show an even more significant effect of capillary pressure on 
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penetration depth. Specifically, the capillary pressure decreases the penetration depth by 
29~38 µm and 47~60 µm in Tests #4 and #5, respectively. Although the capillary 
pressure is higher, the developed models still give reasonable predictions for the 
penetration depth. The predicted values generally follow the same trend as the measured 
penetration depth. However, the error between the predicted and measured penetration 
depth is relatively larger for coating Toray (PTFE).  
 
Figure 9.3 Experimental and predicted results of Test #2. 
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To double check the accuracy of proposed models for relatively higher capillary 
pressure conditions, Tests #6 and #7 were conducted, using Toray (PTFE). Different flow 
rates and coating speeds were used in these two tests. Results are shown in Figure 9.6 and 
Figure 9.7. Based on the results, the model considering capillary pressure is much closer 
to the experimental results than the model without considering capillary pressure. The 
predicted penetration depth is reasonable and generally matches the experimental results 
well. However, the error for a relatively higher capillary pressure condition, i.e., -9200 Pa 
in Tests # 5, #6 and #7, seems larger than the error for a relatively lower capillary 
condition, i.e., -1500 Pa in Tests #1 and #2 and -5400 Pa in Test #3. The error between 



































Coating speed (mm/s) 
Experimental, Toray 090 (2013) 
Experimental, Toray 090 (PTFE) 
Analytical, capillary pressure = 0 Pa, Toray 090 (2013) 
Analytical, capillary pressure = 0 Pa, Toray 090 (PTFE) 
Analytical, capillary pressure = -5400 Pa, Toray 090 (2013) 








Figure 9.7 Experimental and predicted results of Test #7. 
 
The power law model developed by Bhamidipati et al.’s [64] for non-Newtonian 
molasses is generally valid for shear rates between 1 to 100 1/s. In current study, the 
shear rate of porous flow can be approximately evaluated by vp-ave/r in which vp-ave is the 
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by hf/(L2/V) in which the denominator is the approximate penetration time. The shear rate 
in the coating bead can be approximately evaluated by V/H. Using the data from Tests #1 
to #7, the shear rate is around 3 ~ 9 and 10 ~ 40 1/s for the porous flow and the flow in 
the coating bead, respectively. Therefore, the power law model of molasses measured by 
Bhamidipati et al. [64] is valid for the coating conditions in this study. 
As discussed in Section 7.5, the generalized lubrication theory, Equations (7.5.2) 
and (7.5.3), used in the analytical models for penetration depth of non-Newtonian fluids 
can a give good approximation for pressure gradient when the flow behavior index, n, is 
higher than 0.5 and the 2-D flow rate in the channel is between 0.2VH to 0.8VH [96]. In 
current study, the flow behavior index, n, of molasses is 0.83. The approximate flow rate 
in the right channel, Q-hfVε, is around 0.3VH to 1.0VH which is pretty close to the range 
required for a good approximation. Therefore, the developed analytical penetration depth 
models for non-Newtonian fluids can be generally used for the coating conditions in 
current study. 
Tests #8 and #9 were conducted by coating glycerin under different coating 
conditions. Two kinds of substrates were used: Toray (2011) for Test #8 and Toray (2013) 
for Test #9, respectively. Base on the results in Figure 9.8 and Figure 9.9, it can be seen 
that the predicted penetration depth matches the experimental results well. The general 
trend and error is similar to those for coating molasses. This means that the developed 
models give a reasonable prediction of penetration for both Newtonian and non-
Newtonian fluids. However, the error between predicted and measured values in Test #9 
seems larger than that in Test #8. This difference is believed to be related with the 
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9.4 Error analysis 
Based on previous experimental results, it seems that the error between the 
predicted and measured penetration directly depends on the magnitude of capillary 
pressure. Higher capillary pressure seems to generate larger error. This is because of 
several uncertainties in the capillary pressure calculation. One uncertainty is caused by 
the average pore radius used in Equation (9.1). The pore radius of Toray series carbon 
paper has been extensively studied by many researchers using different methods. The 
most common method used is mercury intrusion porosimetry (MIP) [122, 123, 128, 129], in 
which the carbon paper is approximately assumed to be composed by a bundle of 
capillary tubes, and the pore radius is the radius of the capillary tubes. Other methods that 
have been used to study the pore radius of Toray series carbon paper include the method 
of standard porosimety (MSP) [125], confocal microscopy [130], pore network model [126] 
and breakthrough pressure of water [131]. There is inconsistency in the results of different 
investigations, but the typical value of the average pore radius in Toray series carbon 
paper has been found to be around 10 µm [132]. The values shown in Table 9-2 were 
selected to be close to the typical value. Therefore, the bundle of capillary tubes is only a 
simplification of the real geometry in porous media, and there exists inconsistency of the 
measured average pore radius, introducing error into the capillary pressure calculation.  
Another uncertainty related to the capillary pressure calculation comes from the 
measurement of contact angle. There are several contact angle concepts related to porous 
media. The contact angle observed on the surface of a porous medium is usually referred 
as an apparent contact angle; while the contact on the chemically heterogeneous fibers is 
usually referred as an effective contact angle [125]. Cassie-Baxter equation can be used to 
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evaluate the effective contact angle based on the apparent contact [133], however Cassie-
Baxter equation is derived based on a grid formed of cylindrical fibers which is not the 
case for carbon paper in current study. The contact angle measured in current study is a 
static contact angle; while the contact angle during the penetration process is dynamic [100, 
102] and expected to be advancing. Therefore the capillary pressure in the porous media 
should be governed by a real-advancing contact angle, versus an apparent-static contact 
angle. Since an effective contact angle is usually smaller than an apparent contact angle 
[125, 133], but an advancing contact angle is larger than a static contact angle, it is very 
difficult to compare the relative magnitude between a real-advancing contact angle and 
an apparent-static contact angle. In addition, due to the effect of penetration and the 
micro-porous structure on the surface of carbon paper, the measured contact angle in 
current study has a relatively large deviation, as shown in Table 9-2. Thus, the 




Figure 9.10 Experimental and predicted penetration using back calculated capillary 
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Figure 9.11 Experimental and predicted penetration using back calculated capillary 
pressure for Test #9. 
 
In order to check the accuracy of the predicted capillary pressures used for Test 
#7 and #9 (which have larger relative errors than other tests), the analytical curves were 
shifted to fit experimental data. The input capillary pressure value was adjusted until the 
predicted penetration depth fit the experimental data; as  shown in Figure 9.10 and Figure 
9.11. It was found that the capillary pressures are close to -11000 and -4800 Pa, for Tests 
#7 and #9, respectively. Therefore, for Test #7, the predicted capillary pressure, -9200 Pa, 
is smaller than the capillary pressure found after shifting the data; while for Test #9, the 
predicted capillary pressure, -5800 Pa, is larger. However, generally the predicted values 
are close to those that align with the experimental data. Therefore, the predicted capillary 
pressure is assumed to be reasonable. 
The error is expected to be affected by the relative magnitude between the 
capillary pressure and the pressure in the coating bead. A higher capillary pressure or 
lower coating bead pressure is expected to introduce a larger error into the developed 
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in previous experiments have been calculated and plotted with respect to pmax/pc, which is 
the ratio of the maximum coating bead pressure and the capillary pressure. The results are 
shown in Figure 9.12. It can be seen from Figure 9.12 that the overall relative error is 
lower than 20% for all tests. This demonstrates that the developed models are relatively 
accurate. It can also be seen that all data points with a relative error higher than 20% 
occur when pmax/pc is small (less than 1.7). This demonstrates that a higher capillary 
pressure or lower coating bead pressure tends to cause a larger error to the model, which 
is consistent with the results discussed previously. 
 
 
Figure 9.12 Effect of the pmax/pc on the magnitude of relative error. pmax is calculated by 
multiplying the pressure gradient in the right channel (Equation 7.3.13 or 7.5.11) with the 
right channel length, L2. Relative error = (predicted value – measured value )/measured 
value. 
 
Except the error introduced by approximating the capillary pressure, other error 
sources include the approximation and simplification used when developing the models, 
the instability or uncertainty of the coating speed, flow rate, stand-off height and porous 

























that the experimental results shown in Figure 9.2 to Figure 9.9 are reasonable, and can 
serve as evidence that the analytical models developed in this study are accurate.  
9.5 Effects of coating parameters on penetration depth 
The effects of all coating parameters, including coating speed, flow rate, 
permeability, porosity, viscosity and capillary pressure, on the final penetration depth can 
be studied conveniently with the developed analytical models. The effect of coating 
speed has already been shown from Figure 9.2 to Figure 9.9. Decreasing the coating 
speed will increase the penetration depth. The larger penetration depth is because of the 
pressure increase in the coating bead which increases the penetration velocity (Equations 
7.2.4 and 7.2.5). The effects of flow rate, permeability and porosity can be summarized 
based on the data in Table 9-1. The data are shown graphically in Figure 9.13(a)-(b). It 
can be seen that increasing the flow rate will increase the penetration depth. This is 
because of the pressure increase in the coating bead which increases the penetration 
velocity (Equations 7.2.4 and 7.2.5). It can also be seen that increasing the permeability 
without changing porosity or decreasing the porosity without changing permeability will 
increase the penetration depth. This relationship is also due to the increase of penetration 
velocity (Equation 7.2.1).  
The effects of viscosity and capillary pressure on penetration depth during slot die 
coating are investigated. Specifically, the capillary pressure is fixed as 100 and -100 Pa, 
viscosity changes from 0.1 to 10 Pa-s, while all other coating conditions are the same as 
those used for case 1 in Table 9-1. The penetration depths calculated using different 

































































































Figure 9.14 Effect of viscosity and capillary pressure on the penetration depth.  
 
As seen from the Figure 9.14, when capillary pressure is negative the penetration 
depth increases as viscosity increases; whereas when capillary pressure is positive the 
penetration depth decreases as viscosity increases. With increasing viscosity, the 
penetration depth, regardless of the capillary pressure, approaches 48 µm, which is 
obtained with zero capillary pressure. This result suggests that at a lower viscosity the 
capillary pressure has a more significant effect on the penetration depth; and vice versa. 
This is reasonable because the penetration depth is governed by both the pressure in the 
coating bead and the capillary pressure in the porous media. If the viscosity is low, the 
capillary pressure will dominate the penetration; while if the viscosity is sufficiently high, 
the pressure in the coating bead will dominate the penetration and the penetration depth 
approaches a constant value. In order to evaluate the relative importance of the coating 
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pmax is the maximum coating bead pressure of coating a solid substrate. Using Equations 










   (9.3) 
The effect of capillary pressure on penetration depth in Figure 9.14 can also be 
evaluated by the absolute percentage difference between the penetration depth calculated 
with capillary pressure and that calculated without capillary pressure. The relationship 
between max cp p and the effect of capillary pressure on penetration depth is shown in 
Figure 9.15. It can be seen that the effect of capillary pressure on penetration depth is 
smaller than 10% when max cp p  is higher than 10. Therefore, max cp p  10 can be 
approximately used as a criterion to determine whether the effect of capillary pressure on 
penetration depth is significant or not. It has to be mentioned that pmax in Equation (9.3) is 
calculated for coating a solid substrate; whereas pmax in Figure 9.12 is calculated for 
coating a porous substrate.  
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9.6 Penetration in Region II of slot die coating onto porous media 
The results in Section 9.5 suggest that the capillary effect on the penetration depth 
can be ignored if the fluid viscosity is sufficiently high. This conclusion has been 
demonstrated experimentally in Section 9.3.4. This conclusion is not only valid for the 
penetration below the slot die where hf is defined in this study, but also for fluid 
penetration that occurs beyond the slot die lip, in the downstream meniscus prior to 
solidification, i.e. in Region II of slot die coating on porous media, as shown in Fig. 5-1. 
Therefore, the change of penetration depth in Region II can be ignored for a high viscous 
fluid. Yesilalan et al. [15] showed that viscosity had no effect on penetration depth. Based 
on the results in this thesis, it can be suggested that this is due to the high viscosity (36.7, 
98.8 and 158 Pa-s) of the fluids used in their experiments.  
Another factor that prevents the change of penetration depth in Region II is called 
the pinning effect, which is related to two phase flow in random fiber porous media [127]. 
Wiklund and Uesaka used a free-energy lattice Boltzman approach to perform 
simulations of liquid penetration into random porous media [127]. Their results showed 
discontinuities in the solid-surface curvature, including sharp edge, high-curvature point, 
widening pores and branching channels, prevent liquid flow through their pinning effects 
and interaction with local geometry. They found that penetration driven by capillary 
pressure cannot consistently continue due to pinning. The penetration in Region II in 
current study is mostly driven by capillary pressure. Therefore it is expected that pinning 
effects will prevent the change of penetration depth in Region II. 
Though the change of penetration depth in the phase transition region (Region II) 
is very complex to model due to the uncertainty of material properties, we still can expect 
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that the penetration depth may not change much in Region II due to high viscous effect 
and pinning. The significance of this conclusion is that it suggests that the developed 
models of the final penetration depth in Region I in current study can be directly used to 
evaluate the overall penetration depth of both Region I and II under following 
assumptions: 
(1) Viscosity of coating fluids is sufficiently high, thus capillary effect could be 
ignored, and 
 (2) Porous medium has a random microstructure, thus there are pinning effects in 




SUMMARY OF PART II 
 
Part II of this dissertation focuses on fluid penetration when coating porous media. 
Specifically, in Chapter 6, CFD models using commercial software, COMSOL 4.2a, were 
developed to study fluid penetration into a porous medium during slot die coating. 
Models for Newtonian and non-Newtonian fluids were developed separately. The 
penetration depth and pressure distribution along the porous media were calculated using 
the CFD model for Newtonian fluids to illustrate the characteristics of the penetration 
process. In Chapter 7, a series of analytical models for penetration depth during slot die 
coating on porous substrates were developed for both Newtonian and non-Newtonian 
fluids with and without considering the capillary effect. In Chapter 8, several models of 
coating window boundaries on both solid and porous substrates were developed based on 
analytical derivations and CFD simulations. In Chapter 9, analytical models of 
penetration depth were validated numerically and experimentally. The effects of different 
parameters on penetration depth were discussed using the developed models. 
Based on the numerical and experimental results in Chapters 6, 7, 8 and 9, the 
most important conclusions of Part II are summarized as follows: 
 The magnitude of the pressure on the porous substrate is lower than that on the 
solid substrate. Therefore estimating the pressure based on a solid substrate, as 
done in existing modeling work [15, 36, 42, 88, 89], will over predict the penetration 
depth. 
 A positive capillary pressure (hydrophilic or contact angle < 90°) will increase the 
penetration depth; while a negative capillary pressure (hydrophobic or contact 
angle > 90°) will decrease the penetration depth.  
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 Non-Newtonian fluids and Newtonian fluids have the same dripping boundary 
and air entrainment boundary, which are determined by the flow rate and 
geometry of the die. Viscosity or other fluid properties do not affect these two 
coating boundaries. 
 Both the dripping boundary and air entrainment boundary on the porous substrate  
shifts to lower coating speeds compared with that on the solid substrate.  
 There exists a critical capillary number which corresponds to the break line 
boundary. If the capillary number is higher than the critical value, good coating 
will not be obtained. The critical capillary number is mostly determined by the 
contact angle of fluid on the substrate. Slot die geometry does not affect the break 
line velocity. 
 Analytical models of penetration depth have been experimentally validated. The 
overall relative error between the predicted and measured penetration depth is 
generally lower than 20% for most tests. This demonstrates that the developed 
models are accurate. In addition, a higher capillary pressure or lower coating bead 
pressure will introduce increased error to the analytical models. 
 Either increasing the flow rate or decreasing the coating speed will increase the 
penetration depth. In addition, increasing the permeability without changing 
porosity or decreasing the porosity without changing permeability will also 
increase the penetration depth.  
 When capillary pressure is negative the penetration depth increases as the 
viscosity increases; whereas when capillary pressure is positive the penetration 
depth decreases as viscosity increases. At a lower viscosity the capillary pressure 
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has a more significant effect on the penetration depth; and vice versa. If the 
viscosity is high enough, the effect of capillary pressure will be negligible and the 
penetration depth approaches a constant value. 
max cp p  10 calculated using 
Equation (9.3) can be approximately used as a criterion to determine whether the 
effect of capillary pressure on penetration depth is significant or not.  
 The penetration depth may not change much during the Region II due to high 
viscous effect and pinning effects.  
The objective of Part II is to fundamentally understand fluid penetration and 
predict the penetration depth during direct coating on porous media using a holistic 
methodology. Effective and efficient analytical tools have been developed to facilitate 





CHAPTER 10. CONTRIBUTIONS AND FUTURE WORK 
 
10.1 Key contributions 
A two-part study of slot die coating onto porous substrates has been conducted. 
Key contributions of this study are: 
Fundamental contributions: 
 Provides a series of analytical models for quickly evaluating the penetration 
depth. These models are derived based on the lubrication equations for 
Newtonian and non-Newtonian fluids [96], Darcy’s law and the modified Blake-
Kozeny equation [97, 98]. The derivation is also based on the assumptions given in 
Section 7.2. These models are developed for the Region I of coating porous 
media but can also be directly used to evaluate the overall penetration depth of 
both Region I and II if the viscosity of coating fluids is sufficiently high and the 
porous medium has a random microstructure. Experiments have validated the 
accuracy of proposed models. 
 Provides analytical models of dripping and air entrainment boundaries for both 
solid and porous substrates, and models of the break line boundary for a solid 
substrate. The analytical models of dripping and air entrainment boundaries are 
derived based on the assumptions given in Section 8.1.4. The models for coating 
a solid substrate have been validated by comparing with previous researchers’ 
experimental results [62-64, 104, 105, 108]. However, the models for coating a porous 
substrate have not been experimentally studied, and are believed to be able to 
give a first approximation for the coating boundaries. The model of the break line 
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boundary is developed for coating Newtonian fluids onto a solid substrate and 
has been partially validated by comparing with a previous researcher’s 
experimental results [117]. 
Engineering contributions: 
 Experimentally elucidates the feasibility, effectiveness and efficiency of the new 
MEA manufacturing techniques based on direct coating of the membrane solution 
onto the catalyzed GDLs. 
 Provides a CFD model for simulating the coating process on porous media based 
on slot die coating. The modeling method can also be used for other coating 
techniques, such as roll coating and blade coating.  
 Original and detailed experimental data and discussion of the new MEA 
manufacturing technique provided in this research will help manufacturers in the 
fuel-cell industry choose proper techniques to reduce waste, cost and time. 
 Original and detailed experimental data of penetration depth of slot die coating on 
porous media provided in this research can help manufacturers in the coating 
industry to increase products durability, and reduce the production cost.  
10.2 Future Work 
Manufacturing of MEA  
In Part I of study, the feasibility of fabricating MEAs for PEM fuel cells using 
direct coating polymer electrolyte membrane solution onto the catalyzed GDLs was 
demonstrated. However, the penetration of membrane solution decreases the porosity of 
the catalyst layer and alters the balance of its ionic conductivity and electronic 
156 
 
conductivity, thus negatively affects the performance of fuel cells. In the current study 
Nafion® solution has a strong wettability in the catalyst layer, which generates a positive 
(hydrophilic) capillary pressure. Therefore the penetration is excessive. In part II of this 
study, it was demonstrated that a high viscosity fluid will reduce the effect of capillary 
pressure. It was also demonstrated that a negative capillary pressure will reduce the 
penetration depth. Therefore, it is possible to decrease the penetration of membrane 
solution by either increasing its viscosity or decreasing its wettability. If the penetration 
depth can be controlled to less than 10 µm which is a normal thickness of the catalyst 
layer, the performance of the MEA is expected to be improved and the bond strength 
between the membrane and the catalyst layer is expected to be enhanced.  
Coating window 
The dripping and air entrainment boundaries for coating porous media derived in 
this study are based on the assumption that the upstream meniscus can only move in the 
range of upstream die lip. This assumption is a direct analogy of coating a solid substrate. 
To the best of author’s knowledge, the coating boundaries for coating a porous substrate 
has not been studied; thus no experimental data could be found to directly demonstrate 
dripping and air entrainment boundaries for coating porous media. In addition, modeling 
work of the break line boundary is only limited to the solid substrate. To date, the 
mechanism of defects generation of coating porous media is not well understood, the 
existence of the break line boundary for coating porous media is still unknown. Therefore, 
more experimental work should be done to further understand the operational boundaries 
of coating porous media. 
Modeling of penetration depth 
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Models of penetration depth in current study are macro-scale models. They are 
derived based on Darcy’s law which only describes the overall transport property of a 
porous medium. Therefore, the developed models in the current study can only give an 
evaluation of the overall penetration depth, but cannot provide any information of 
penetration depth distribution in the porous media. In order to glean more insights on the 
penetration depth distribution, micro-scale approaches can be used, such as pore-network 
model [36, 42], Lattice-Boltzmann method, [91, 92] or solving the Navier-Stokes equations [93]. 
However, as discussed in Section 5.2, micro-scale models require detailed morphology 
information of the porous media, the geometrical details, and even an extremely fine 
mesh of the microstructure of the porous media to simulate the flow behavior. Thus, they 
are computationally time consuming and are typically applied only to small domains. In 
addition, it will be very challenging to directly couple a two-phase porous flow in a 
micro-scale model with a two-phase free flow in a coating bead. In order to overcome the 
limitations of a micro-scale model, the pressure distribution in the coating bead on a 
porous substrate can be initially calculated using a macro-scale model developed in the 
thesis. Then, the pressure distribution can be transferred to the time domain as a dynamic 
pressure boundary condition and be applied onto a micro-scale model of a porous 
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